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Abstract 
Granitoid clasts preserved in Late Archaean conglomerates indicate the 
presence of continental crust in Northern Zimbabwe prior to the"" 2.7 to "" 2.6 
Ga "event" which terminated with the stabilisation of the Zimbabwe Craton. 
The "Kober Technique" (Kober, 1986, 1987) of direct thermal ionisation of 
zircons has been set up in order to investigate the geochronological record 
preserved in such clasts. Conglomerates were sampled from two localities, 
Shamva, within the central part of Northern Zimbabwe, and Chinhoyi, at the 
north-western boundary of the craton. The results from both localities 
demonstrate the presence of continental crust in Northern Zimbabwe with a 
long and complex history prior to the Late Archaean "event". The minimum 
age of continental crust in the Shamva region is 3.34 Ga (Sm-Nd model age), 
with further episodes of granitiod intrusion indicated by zircon crystallisation 
at 3/197 ± 10 Ma, 2,925 ± 10 Ma, and 2,800 ± 20 Ma (Pb-Pb zircon). The Chinhoyi 
region has a shorter, simpler history, with the earliest recorded continental 
crust at 2,875 ± 3 Ma and later intrusions of granitoids at 2/800 ± 20 Ma, and 
2,720 ± 6 Ma (Pb-Pb zircon). 
Chemically, the early crust was dominated by sodic, Tonalite-
Trondhjemite-Granodiorite granitoids, whose formation may be modelled by 
the partial melting of metabasalts with residual hornblende and/or garnet. By 
contrast, the granitoids formed during the Late Archaean "event" which 
culminated in the stabilisation of the craton, dominantly follow calc-alkaline 
trends, and their formation may be modelled by the fractionation of basaltic 
magmas (combined with assimilation- of pre-existing continental material) or 
intra-crustal remelting. This major switch in the origins (and hence 
chemistry) of granitoids may be attributed to mantle plume activity, the onset 
of which is recorded by the presence of greens tone belt volcanics derived from 
anomalously hot mantle, dated at' 2,713 ± 15 Ma (U-Pb zircon Jelsma, 1993). 
l.S. Dougherty-Page Abstract 1 
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FIGURE CAPTIONS 
CHAPTER ONE 
Figure 1.1 A geological sketch map of the Archaean Craton of Zimbabwe, 
showing the major geological divisions, and the locations of the major 
greenstone belts-(in italics), and some previously dated granitoids. (1) 
the Tokwe Gneiss; (2) the Mushandike Gneiss; (3) the Shabani Gneiss (4) 
the Mont d'Or Granodiorite; (5) the Chingezi Tonalite; (6) the 
Rhodesdale gneiss; (7) the Umwindsi Gneiss; (8) the Mashaba Tonalite; 
(9) the Gwenoro Migmatite; (10) the White Waters Tonalite; (11) the 
Sombula Tonalite (12) the Sesombi Tonalite; (13) the Chinamora 
Batholith. The "Wedza Suite" of syn-tectonic tonalites outcrop in the ' 
batholiths which surround the Harare-Shamva greens tone belt. 
Figure 1.2 Previous Geochronological Work on Zimbabwean Granitoids. 
References to table 1.1: (l)Dodson et aI, '88; (2)Moorbath et aI, '76; 
(3)Taylor et aI, '84; (4)Taylor et aI, '91; (5)Compston et aI, '90; 
(6)Moorbath et aI, '87; (7)Moorbath, '77; (8)Moorbath et al,'86; 
(9)Hawkesworth et aI, '75; (10)Baldock and Evans, '88; (l1)NERC 
Geoscience Lab report '90-'92; (12)Jelsma, '93; (13)Kamber et al. '93; 
(14)Hickman, '78; (15)Hamilton et aI, '77; (16)Hickman, '74; 
(17)Hawkesworth et al. '79; (18)Vinyu et al. '93 
Figure 1.3 Previous geochronological work on Zimbabwean Greenstones. 
References given in table 1.2 
Figure 1.4 CaO - Na20 - K20 diagram for Upper Bulawayan granitoids, 
showing the broad range of compositions for the Wedza and late 
tectonic (Mazowe) granitoids, and the restricted range in composition, 
and comparatively high K20/!"l"a20 ratio of the late granites of the 
Chilimanzi suite (after Jelsma, 1993). 
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Figure 1.5 Incompatible element plot showing element patterns for the 
Wedza suite and the Mumurgwi granite, a "Late Granite" of the 
Chilimanzi suite, normalised to primitive mantle values of 
McDonough and Frey, 1989. (after Jelsma, 1993) 
Figure 1.6 Shear zones within the Zimbabwe Craton (after Treloar et al. 1992) 
CHAPTER 2 
Figure 2.1 The Pupin (1980) typological classification of zircons based on 
crystal morphology. 
Figure 2.2. Typological frequency diagrams showing abundances of zircon 
morphology within different intrusions (Barth et al. 1989), illustrating 
how zircon typology may be used to distinguish between different 
granitoids. 
Figure 2.3. Chondrite normalised core and rim REE profiles for zircons from 
the Boggy Plain Adamellite (Kinny and Wyborn, 1990). 
Figure 2.4 A series of diagrams illustrating the discordia method of dating. For 
explanation see text. 
Figure 2.5 A diagram illustrating the effect of the addition of 1 ppm of 231Pa to 
a zircon containing 1000 ppm of 238U (and the appropriate quantity of 
235U) through time. Quantity of radiogenic 206Pb calculated according to 
the equation D* = No (1 - e-At), where D* = quantity of radiogenic 
daughter; No = original quantity of parent 238U (1000 ppm); A = decay 
constant of 238U. Quantity of radiogenic 207Pb derived at equilibrium 
from 235U calculated from true 207Pb/206Pb ratio for each 100 Ma 
interval, apparent ages then calculated after 1 ppm of 207Pb was added. 
"Excess" age = apparent age - true age. 
Figure 2.6 A series of diagrams illustrating common Pb corrections to the 
207Pb/206Pb ratio. (A) 207Pb/206Pb vs 204Pb/206Pb diagram, to show that 
failing to make a common Pb correction results in an over-estimation 
o~ the 207Pb/206Pb ratio, and differences between corrections for modern 
and ancient common Pb. (B) Difference between corrected and 
uncorrected 207Pb/206Pb ages as a function of age (the age of the 
J.S. Dougherty-Page Lists of Captions IX 
common Pb = the uncorrected age). (C) Difference between corrected 
and uncorrected 207Pb j206Pb ages as a function of 206Pb j204Pb 
Figure 2.7 A schematic zircon crystal with a core and later rim. This diagram 
illustrates how material from the core and the rim may be mixed as the 
reaction front of the breakdown of zircon to baddeleyite progresses 
through the crystal in a number of heating steps. 
Figure 2.8 A schematic graph of age vs. heating step for the zircon in figure 
2.7, illustrating that heating steps 3 to 6 give mixed ages, intermediate 
between the true ages of the core and rim of the zircon. 
Figure 2.9 A graph of reliability index vs. 207Pbj206Pb age for an idealised 
single-age population of zircons. 
Figure 2.10 Three graphs representing idealised data from the 9 heating steps 
in figures 2.7 and 2.8. 2.10a. Age vs. reliability index scatter graph. 2.10b. 
Frequency (within an age interval) vs age interval histogram. 2.10c. 
Weighted frequency within age interval vs age interval histogram. The 
weighted frequency is calculated by summing the reliability indices 
within each age interval from figure 2.10b. 
Figure 2.11 A graph to demonstrate the fractionation of lead released from the 
Kober emitter compound with temperature. Temperature of data 
collection is plotted against 207Pb j206Pb age for lead of known age (2875 ± 
3 Ma). Within the usual temperature range for data collection, 
fractionation error is shown to be"" 0.01 %, and may be regarded as 
insignificant. 
Figure 2.12 U-Pb concordia diagram for zircons from a Chinese granulite (data 
supplied by Y. Huang, pers. comm). 
Figure 2.13 Data for zircons from a Late Archaean Chinese granulite, 
displayed in the three methods of data presentation used in figure 2.10. 
2.13a. Age vs frequency histogram; 2.13b. Age vs reliability of data 
scatter graph; and 2.13c. Age vs weighted reliability histogram. 
Figure 2.14 Data for zircons from a Late Archaean Tonalite c1ast from 
Zimbabwe, displayed in the three methods of data presentation used in 
figure 2.10. 2.14a. Age vs frequency histogram; 2.14b. Age vs reliability of 
data scatter graph; and 2.14c Age vs weighted reliability histogram. 
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CHAPTER THREE 
Figure 3.1 Geological sketch map of Northern Zimbabwe, showing the major 
geological divisions and the two c1ast sample localities, one at the 
Shamvaian type locality, on the Mazowe river near Shamva, and the 
other on the north-western margin of the craton, at Chinhoyi. 
Figure 3.2 Geological sketch map of the Shamva sampling locality 
Figure 3.3 Chondrite normalised REE plots of sediments from the Shamva 
type locality (89-S-3 analysed in this study, data for sample numbers 519, 
534,635 from Jelsma, 1993) compared with an average REE pattern for 
tonalitic c1asts held within the basal conglomerate (this study) and an 
average REE pattern for basic volcanics from the Harare-Shamva 
greens tone belt (data from Jelsma, 1993). 
Figure 3.4 CriTh vs age diagram (after Condie and Wronkiewickz 1990). The 
grey field defines the typical range of CriTh ratios through time. The 
Shamva sediments plot in the lower range of this field for their time 
(2.67 Ga), intermediate between an average CriTh ratio for TTG c1asts 
(0.21) contained in the basal conglomerate of the Shamvaian and an 
average greens tone composition (72). This average compoSition was 
calculated using data from Jelsma (1993). The average CriTh ratio of 
felsic greens tone belt volcanics is 35.3, and the average CriTh ratio of 
mafic greens tone belt volcanics is 88.7. The ratio for felsic to mafic 
greenstones exposed at present is 1:2.2, and mixing these two 
components in this ratio gives the average value of 72. Simple lever· 
rule mixing calculations suggest that the composition of the sediment 
is consistent with it being made up of a mixture of material derived 
from the TTG terrain in a range of ratios from approximately 1:1 to 2:1 
(TTG: greenstone ratio). 
Figure 3.5 Feldspar ratio plot using Anorthite-Albite-Orthoclase CIPW 
normative compositions for the Shamva c1asts (after O'Connor, 1965) 
Figure 3.6 Major elements vs. Silica for the Shamva Clasts, showing 2 clearly 
defined groups. Group 1 (dark shading) has better defined trends and a 
lower silica content than group 2 (light shading). The unshaded fields 
are from the Chingezi and Mashaba Tonalites of Southern Zimbabwe 
(data from Luais and Hawkesworth, 1984). 
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Figure 3.7 Chondrite normalised REE plots for the group 1 and 2 Shamva 
c1asts 
Figure 3.8 K20-Na20-CaO plot for the group 1 and group 2 Shamva c1asts, 
showing the sodic (A) and cale-alkaline trends (Luais and Hawkesworth, 
1994) and the trondhjemitic trend (B) of Barker and Arth (1976). Data 
fields of the grey-gneiss complex of Swaziland (Hunter et al. 1978 & 
1984) are plotted for comparison. Group 2 is notably displaced towards 
the Na20 axis, reflecting a K20-loss due to weathering. 
Figure 3.9 Chondrite normalised REE plots of the Shamva group 1 c1asts 
compared to the Mashaba Tonalite (shaded field) (Luais and 
Hawkesworth, 1994). 
Figure 3.10 REE mod~ling of the formation of the group 2 granitoids of 
Shamva from a group 1 protolith (a) by 80% fractional crystallisation of 
a group 1 melt, leaving a cumulate of 40% plagioc1ase, 1.5% amphibole, 
0.05% allanite and 58.5% quartz. (b) by 20% partial melting of a group 1 
tonalite, leaving a residue of 70% plagioc1ase, 1% amphibole, 0.04% 
allanite and 29% quartz. Distribution coefficients are listed in appendix 
A. 
Figure 3.11 Zircon data from the 5hamva group 1 clast 89-5-14 (a) Index of 
reliability of data vs. age scatter graph; (b) Frequency within a 10 Ma 
interval vs. age histogram; (c) Weighted frequency vs. age histogram. 
See Chapter 2:4 for a full explanation of the use of these diagrams 
Figure 3.12 Zircon data from the Shamva group 1 clast 89-5-23 (a) Index of 
reliability of data vs. age scatter graph; (b) Frequency within a 10 Ma 
interval vs. age histogram; (c) Weighted frequency vs. age histogram. 
See Chapter 2:4 for a full explanation of the use of these diagrams 
Figure 3.13. Chondrite normalised REE plot for the clast 89-5-26, showing 
fields for the gr<?up 1 (dark shading) and group 2 (light shading) clasts. 
Figure 3.14 Zircon data from the 5hamva group 2 c1ast 89-5-19 (a) Index of 
reliability of data vs. age scatter graph; (b) Frequency within a 10 Ma 
interval vs. age histogram; (c) Weighted frequency vs. age histogram. 
See Chapter 2:4 for a full explanation of the use of these diagrams 
Figure 3.15 Zircon data from the Shamva group 2 clast 89-5-25 (a) Index of 
reliability of data vs. age scatter graph; (b) Frequency within a 10 Ma 
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interval vs. age histogram; (c) Weighted frequency vs. age histogram .. 
See Chapter 2:4 for a full explanation of the use of these diagrams 
Figure 3.16 Zircon data from the Shamva group 2 clast 89-5-12 (a) Index of 
reliability of data vs. age scatter graph; (b) Frequency within a 10 Ma 
interval vs. age histogram; (c) Weighted frequency vs. age histogram. 
See Chapter 2:4 for a full explanation of the use of these diagrams 
Figure 3.17 Combined zircon data for the Shamva group 2 clasts (a) Index of 
reliability of data vs. age scatter graph; (b) Frequency within a 10 Ma 
interval vs. age histogram; (c) Weighted frequency vs. age histogram 
Figure 3.18 Geological sketch map of the Chinhoyi sample locality 
Figure 3.19 Feldspar ratio plot using Anorthite-Albite-Orthoclase CIPW 
normative compositions for the Chinhoyi clasts (after O'Connor, 1965) 
Figure 3.20 Major elements vs. silica for the Chinhoyi clasts, showing 2 clearly 
defined groups in terms of silica content, and the fine grained "felsite 
clast 89-C-27, which plots with apparent affinities to group 2. The 
unshaded fields are the Shamva group one and two clasts . 
• 
Figure 3.21 K20-Na20-CaO plot for the group 1 and group 2 Chinhoyi clasts, 
showing the sodic (A) and calc-alkaline trends (Luais and Hawkesworth, 
1994) and the trondhjemitic trend (B) of Barker and Arth (1976). Data 
fields of the grey-gneiss complex of Swaziland (Hunter et al. 1978 & 
1984) are plotted for comparison. Both groups are notably displaced 
towards the Na20 axis, reflecting a K20-loss due to weathering. 
Figure 3.22 Chondrite normalised REE plots for the group 1 and 2 Chinhoyi 
clasts, together with the "felsite" clast 89-C-27, which has a very similar 
REE pattern to the group 2 clasts. 
Figure 3.23 Chondrite normalised REE plots of the Chinhoyi group 1 clasts 
compared to the Mashaba Tonalite (shaded field) (Luais and 
Hawkesworth, 1994). 
Figure 3.24 Chondrite normalised REE patterns of the Chinhoyi and Shamva 
(A) group 1 and CB) group 2 clasts, clearly showing the greater HREE 
enrichment and smaller negative Eu anomaly of the Chinhoyi group 2 
clasts compared to the Shamva group 2 clasts. 
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Figure 3.25 Chondrite normalised REE patterns of the Chinhoyi group 2 c1asts 
compared with a "Low-Alumina Trondhjemite" (Barker and Arth, 
1976) from the Ancient Gneiss complex of Swaziland (bold line)(Data 
from Condie and Hunter, 1976), and an experimentally produced "Low-
Alumina Trondhjemite", produced by partial melting of a metabasite at 
8 kbar pressure and 1000·C (dashed line) (Rapp et al. 1991). 
Figure 3.26 Zircon data from the Chinhoyi group 1 c1ast 89-C-15 (a) Index of 
reliability of data vs. age scatter graph; (b) Frequency within a 10 Ma 
interval vs. age histogram; (c) Weighted frequency vs. age histogram. 
See Chapter 2:4 for a full explanation of the use of these diagrams 
Figure 3.27 Frequency within a 10 Ma interval vs. age histogram for the 
Chinhoyi group 1 clasts 89-C-20 and 89-C-28. (a) data for 89-C-20 (b) data 
for 89-C-28 (c) combined data. 
-
Figure 3.28 Zircon data from the Chinhoyi group 2 c1ast 89-C-21 (a) Index of 
reliability of data vs. age scatter graph; (b) Frequency within a 10 Ma 
interval vs. age histogram; (c) Weighted frequency vs. age histogram. 
See Chapter 2:4 for a full explanation of the use of these diagrams 
Figure 3.29 Zircon data from the Chinhoyi group 2 c1ast 89-C-23 (a) Index of 
reliability of data vs. age scatter graph; (b) Frequency within a 10 Ma 
interval vs. age histogram; (c) Weighted frequency vs. age histogram. 
See Chapter 2:4 for a full explanation of the use of these diagrams 
Figure 3.30 Geological sketch map of the Archaean craton of Zimbabwe, 
showing the major geological divisions, the boundary between the 
eastern and western successions of Upper Bulawayan greens tones, and 
the locations of granites and greens tones dated in previous work (table 
4) and this study (table 5). 
Figure 3.31 Zircon data from the Sesombi Tonalite (a) Index of reliability of 
data vs. age scatter graph; (b) Frequency within a 10 Ma interval vs. age 
histogram; (c) Weighted frequency vs. age histogram. See Chapter 2:4 for 
a full explanation of the use of these diagrams 
Figure 3.32 A graph of206Pb/204Pb vs. age for zircons from 89-H-1, a sample of 
the Chingezi Tonalite collected from a volcanic breccia in the Hokonui 
Formation. 2 of the samples "zircon 1" (10 zircons heated within a 
xiv 
single filament) and "zircon 2", a single crystal, gave suites of ages up to 
a maximum value of 2,840 Ma. The ,third crystal, "zircon 3", gives a 
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clustering of data at 2660 Ma, and is rejected as a contaminant from the. 
Sesombi Tonalite (figure 3.31) 
Figure 3.33 A graph of 206Pb J204Pb and 208Pb J206Pb vs. age for a single zircon 
from the Mashaba Tonalite (sample 89Zb-12, supplied by B.Luais). There 
is a suite of ages up to 3,250 Ma. The shaded region indicates the possible 
crystallisation date of a high 208Pb J206Pb phase of zircon at == 2.87 Ga, 
coincident with the Rb-Sr age of the rock. (2860 ± 60 Ma). 
Figure 3.34 Shows the data presented in tables 3.5 and 3.5, comparing the 
zircon data obtained in this work (horizontailines, with grey shading to 
represent error bars) with previously published data (black squares with 
vertical error bars) 
CHAPTER FOUR 
Figure 4.1 Potential temperatures o.f Archaean plumes estimated from 
komatiites. Plume temperatures are assumed to be == 300·C higher than 
average mantle temperatures, thus closely relating the thermal 
evolution of the mantle to a secular cooling curve (after Nisbet et al. 
1993). 
Figure 4.2 A curve relating mantle potential temperature to thickness of 
oceanic crust (after Galer, 1991), predicting (A) 7 km thick oceanic crust 
for a modern upper mantle potential temperature of 1280·C, and (B) == 
22 km thick oceanic crust for a 170'C hotter Archaean mantle. 
Figure 4.3 A non-uniformitarian model for Archaean plate tectonic processes 
(Davies, 1992) in which the inherent buoyancy of oceanic crust prevents 
it being easily returned to the mantle. Oceanic crust piles up over 
symmetrical "subduction" zones, and may only return into the mantle 
once it had entered the eclogite field. 
Figure 4.4 An age map of the Zimbabwe era ton, showing the ;;:: 3.8 Ga Tokwe 
segment, the area within which rocks older than 2.9 Ga have been 
recognised, and the region of "Kwekwe" type leads (analysed from 
galenas, Richardson, 1975) which contain a component;;:: 3.5 Ga old 
(Kramers and Foster, 1982). These demonstrate that the craton grew first 
to the north, and then to towards the north-west. However, there is 
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insufficient data from the east of the craton to show how and when this 
portion of the craton formed 
Figure 4.5 The production of the low-alumina TTG suite by partial melting of 
underthrust thick oceanic crust 
Figure 4.6 Generation of high alumina TTG ("X" hatching) by the partial 
melting of metabasalt in the base of pile of slabs of oceanic crust. The 
base of the pile is in the eclogite field (darkest shading) and can return to 
the mantle 
Figure 4.7 Sr and Y against AI203 for the Chinhoyi group 2 clasts (light 
shading) the Shamva and Chinhoyi group 1 clasts (dark shading), and 
granitoids from Southern Zimbabwe (unshaded; data supplied by B. 
Luais, pers. comm). The open circle is a 10% batch melt of amphibolite 
(major element composition from Rapp et al. 1991) with Sr and Y 
contents of modern MORB. The filled circle is a 20% batch melt of the 
same composition. Restite assemblages are based on experimental 
petrology detailed in Rapp et al. (1991). Distribution coefficients are 
given in appendix A. 
Figure 4.8 Chondrite normalised (La/Yb)N vs. (Yb)N for the Shamva and 
Chinhoyi clasts, relative to the Archaean and Post-Archaean granitoid 
fields of Martin (1986), showing that the low alumina TTG group 2 
clasts of Chinhoyi group 2 plot well outside the usual field for Archaean 
TTG, with high (Yb)N. 
Figure 4.9 REE plot showing the very similar HREE contents of the Shamva 
group 1 clasts and the Wedza suite of tonalites. 
Figure 4.10 Northern Zimbabwe at 2.72 Ga. A plume under a an early 
continent, showing eruption of komatiites from the plume tail region, 
with rising depleted residues of komatiite melting (white on black "0" 
hatching), and the generation of basaltic melts from the plume head 
region. 
Figure 4.11 Northern Zimbabwe at 2.67 Ga. Continued plume activity under 
the continent results in the accelerated delamination o( eclogite from 
the base of the early continent. Basalts intruded from the plume head 
region underplate the crust, and und~rgo AFC to produce a suite of ca1c-
alkaline granitoids ("+" hatching). 
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Figure 4.12 K20-Na20-CaO diagram showing that the Upper Bulawayan 
granitoids lie on a ca1c-alkaline trend, distinct from the sodic early 
continental crust. A - Sodic trend of Luais and Hawkesworth, 1994. B -
Sodic trend of Barker and Arth, 1976. data on early continental crust -
this work; data on Upper Bulawayan granitoids from Snow den and 
Snowden, 1981 and Jelsma, 1993. 
Figure 4.13 A histogram of percentage of sample set against K20/Na20 for pre-
Upper Bulawayan granitoids (this study; Luais and Hawkesworth, 1994; 
B. Luais, pers. comm) and Upper Bulawayan granitoids (Snow den and 
Snow den, 1981; Jelsma, 1993; B.Luais, pers. comm), clearly 
demonstrating the more potassic nature of the later Upper Bulawayan 
granitoids 
Figure 4.14 Northern Zimbabwe at 2.6 Ga. In response to magmatic and 
tectonic thickening, intra-crusta I re-melting results in the formation of 
the "Late Granites" (white on black "+"). The continent is underlain by 
a depleted keel, formed from the residues of komatiite melting. 
Figure 4.15 Incompatible element ·plot showing element patterns for the 
Wedza suite and the Mumurgwi granite, a "Late Granite" of the 
Chilimanzi suite (after Jelsma, 1993) 
Figure 4.16 Changes in K20/Na20 ratio, U abundance, 87Sr /86Sr, Eu/Eu* and 
La/Yb with time, all showing major changes at the 
Archaean/Proterozoic boundary (light grey shading). After CampbeU 
and J arvis, 1984 
Figure 4.17 Cartoon crustal growth curves for Northern Zimbabwe. The 
"curve" in light shading shows crustal growth in major "events" at === 
2.9 and ===2.7 Ga. The "curve" in dark shading is based on the zircon and 
Sm-Nd data detailed in Chapter 3, and shows the initiation of 
continental crust in the region at ~ 3.4 Ga, and additions of new crustal 
materials at 3.2 Ga, 2.925 Ga, 2.875 Ga, 2.8 Ga and === 2.7 Ga. 
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Shamva clasts. 
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LIST OF PHOTOGRAPH CAPTIONS 
CHAPTER ONE 
Photograph 1.1 Liquid immicibility ocelli within the rim of a komatiitic 
pillow lava, basal Reliance formation, Upper Bulawayan of the 
Belingwe Greenstone belt. 
CHAPTER TWO 
Photograph 2.1 A single zircon crystal folded into an evaporation filament. 
Width of zircon crystal::::: 0.2 mm. 
Photograph 2.2 Half of a large red zircon crystal from 89-S-14 (length of crystal 
::::: 0.3 mm), showing a complex crystal habit indicative of formation at 
high temperatures (see figure 2.1). 
Photograph 2.3 White zircon crystals from 89-5-14, showing simple prismatic 
crystal forms indicative of formation a low temperatures (s'ee figure 2.1). 
Same magnification as above. 
CHAPTER THREE 
Photograph 3.1 The Shamva sediments (the top of the main conglomeratic 
unit, where most of the samples were collected) showing conglomeratic 
horizons with well rounded clasts, interbedded with greywacke 
horizons. Sledge-hammer for scale. 
Photograph 3.2 Photomicrograph of Shamva sediment. Scale bar = 0.5 mm. 
The rock contains the metamorphic minerals biotite, amphibole and 
chlorite. This specimen (from within a conglomeratic horizon) has 
undergone shearing, with "major"shears running vertically (eg. to the 
left of the scale bar) and a subsidiary set of shears running steeply up 
from left to right 
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Photograph 3.3 Photomicrograph of the 5hamva group 1 clast 89-5-14, 
showing badly weathered feldspars, but comparatively fresh biotite. 
5cale bar"'" O.S mm 
Photograph 3.4 Photomicrograph of the 5hamva group 2 clast 89-5-12. The 
alteration of this clast has been more intensive than for the group 1 
clast pictured above, with replacement of biotite by chlorite. 5cale bar "'" 
0.5 mm 
Photograph 3.5 Zircons from 89-5-23. The field of view is "'" 1 mm. The 
population is extremely heterogeneous, and several of the crystals have 
visible cores and rims. 
Photograph 3.6 Zircons from the 5hamva group 2 clast 89-5-19. The fragment 
of crystal to the right shows a well defined reddish core, with a white 
rim. 
Photograph 3.7 A zircon from 5hamva group 2 clast 89-5-12 which has been 
analysed by the Kober technique (zircon 89-5-12/2), and is now 
pseuodomorphed by baddeleyite. The top of the crystal still clearly 
retains its original multi-faceted high 5-number typology. The zircon is 
approximately 0.3 mm long. 
Photograph 3.B A large clast in the Eldorado conglomerate, with a sledge-
hammer for scale. Note the tectonic deformation of the clast and 
the surrounding conglomerate 
Photograph 3.9 Photomicrograph of the sediment from Chinhoyi. The 
metamorphic assemblage is dominated by greenish biotite (kinked by 
later deformation at the left of the picture) and chlorite. 5cale bar"'" 0.5 
mm. 
Photograph 3.10 Photomicrograph of the Chinhoyi group 1 clast 89-C-1S, 
showing the severe low-grade alteration common to all the Chinhoyi 
clasts, with the,breakdown of mafic phases to chlorite and opaques, and 
saussuritisation of plagioclase. Note the zircon crystals within the group 
of mafics at the top of the picture 
Photograph 3.11 Zircons from the Chinhoyi group 1 clast 89-C-1S. The zircons 
are of high quality, homogeneous in typology, with magmatic 
inclusions and magmatic growth zoning. Field of view "",1 mm. 
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Photograph 3.12 Zircons from the Chinhoyi group 1 clast 89-C-20. The zircons 
are of poor quality, and many show irregular overgrowths of a second 
generation of zircon. Field of view = Imm. 
Photograph 3.13 High quality zircons from Chinhoyi group 2 clast 89-C-21. 
Width of field of view <= Imm. 
Photograph 3.14 High quality zircons from Chinhoyi group 2 clast 89-C-23. 
Width of field of view <= Imm. 
Photograph 3.15 Large, multi-faceted zircons from the Sesombi Tonalite. The 
crystals are well formed, up to 0.4 mm in length, with magmatic zoning 
and inclusions. 
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Chapter One 
Introduction 
1:1 INTRODUCTION 
There are major differences, both in bulk chemical composition and 
trace element ratios, between Archaean continental crust, average (modern) 
continental crust and juvenile material incorporated into the continental 
crust at the present day (Barker et al. 1981; Martin, 1986; Ellam and 
Hawkesworth, 1988; Drummond and Defant, 1990). Therefore an 
understanding of the processes responsible for crust generation in the 
Archaean should provide important insights into the growth of the present 
continental mass. Information on the chemical processes responsible for the 
development of continental crust in the Archaean is recorded in the 
geochemistry of Archaean granitoids. This thesis describes a study of the 
Zimbabwe craton, incorporating a combination of geochemical and high-
precision geochronological analyses on such granitoids, allowing the 
following problems to be addressed: (i) the age of the earliest continental 
nuc1eii within a given region. Cii) Timing of significant chemical changes. (iii) 
Possible age polarity across a segment of early continental crust (modern sites 
of tectonic, as opposed to plume-related, vo1canism are essentially linear, 
resulting in strong arc- or ridge-parallel age zonations. Therefore the presence 
of such age zonations would be strong evidence for the operation of plate 
tectonic processes in the Archaean). (iv) The length of time within which the 
area of continental crust under investigation was formed and stabilised, and 
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the number of magmatic "events" which occurred during this time, from 
which the rate at which the continent formed may be deduced. 
Numerous studies of Archaean granitoids (Barker and Arth, 1976; 
Martin, 1986; Rudnick and Taylor, 1986; Arkani-Hamed and Jolly, 1989; 
Drummond and Defant, 1990; Rapp et al. 1991; Luais and Hawkesworth 1994), 
indicate that the processes by which granitoids were generated in the Archaean 
were significantly different to those operating today, producing a sodic, 
Tonalite-Trondhjemite-Granodiorite (TTG) suite, rather than the more 
potassic ca1c-alkaline suite dominant today. Geochronological data on these 
early TTG terrains ingicate that their earliest histories have often been almost 
totally erased by later tectonic and magmatic activity, and are now only 
recorded as anomalously old isotopic model ages and zircon cores (Froude et 
al. 1983; Compston and Pidgeon, 1986; Black et al. 1986; Compston and Kroner, 
1988; Dodson et al. 1988; Bowring et al. 1989; Wendt et al. 1993a). However, 
( 
although such geochronological data may provide important information on 
the longevity of the early crust, little information is given on the chemistry of 
the crust. On the basis of Sm-Nd data, it has been proposed that this early 
enriched crust was basaltic (Chase and Patchett, 1988; Galer and Goldstein, 
1991), and although extremely ancient (= 4.2 Ga) zircons from Mt. Narryer 
have rare earth element patterns consistent with their growth within a 
chemically evolved "granitic" source (Maas et al. 1992), it is possible that this 
source was small-volume felsic differentiates within mafic/ultramafic 
"oceanic" crust. Therefore a less contentious indication of the initiation of 
granitoid-dominated continental crust within a region would provide 
invaluable information on the chemistry, longevity, growth rates and extent 
of the now re-worked pro to-continents which formed the nucleii of the 
cratons. 
This thesis examines such proto-continental material, through the 
study of granitoid clasts in late Archaean conglomerates in northern 
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Zimbabwe. These conglomerates are polymict, and the granitoid clasts they 
contain are up to one metre in diameter. The study of the clasts provides a 
"window" onto the continental surface from which they were eroded, which 
was extensively re-worked in the late Archaean, and is now present only as 
rare migmatitic gneisses. The south of the Zimbabwe craton has a well 
established cross-cutting stratigraphy and complementary geochronology 
(Bickle et al. 1975; Hawkesworth et al. 1975; Nisbet et al. 1977; Moorbath et al. 
1977; Hamilton, 1977; Hickman, 1978; Hawkesworth et al. 1979; Dodson et al. 
1988; Wilson, 1979, 1981, 1990; Taylor et al. 1991) and a detailed geochemical 
study has been completed recently (Luais and Hawkesworth, 1994). However, 
little was known of the geochemistry or geochronology of the earliest history 
of the north of the craton, and this study provides the first evidence of the 
geochemical history of this portion of continental crust. 
The major objectives of this thesis are the geochemical study of a proto-
, 
continent, through analysis of the major and trace element geochemistry of 
granitoid clasts derived from the surface of the early continent, combined with 
high resolution geochronology. In order to achieve this latter objective, a 
, 
considerable proportion of this project" has been devoted to setting up high-
precision zircon dating, using the "Kober Technique" of direct thermal 
ionisation of zircons (Kober, 1986, 1987), in order to constrain the 
crystallization histories of the clasts. Sm-Nd isotopic analyses have also been 
carried out, to give "model ages" of the date at which these granitoids 
separated from the mantle reservoir (DePaolo and Wasserberg, 1976; Othman 
et al. 1984). 
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Figure 1.1 A geological sketch map of the Archaean Craton of Zimbabwe, showingthe major 
geologica l divisions, and the locations of the major greens tone belts (in italics) and some 
previoLlsly dated granitoids. (1) The Tokwe gneiss; (2) the Mushandikie gneiss: (3) the Shabani 
gneis; (4) the Mont d'Or granodiorite; (5) the Chingezi tonatite; (6) the Rodesdale gneiss; (7) 
the Umwindsi gneiss; (8) the Mashaba tonalite; (9) the Gwenoro rnigmatite; (10) the White 
Waters tonaIite; (11) the Sombula tonalite; (12) the Sesombi tonalite; (13) the Chinamora 
batholith. The "Wedza Suite" of syn-tectonic tonalites outcrop in the batholiths which suround 
the Harare-Shamva greens tone belt. 
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GREA T DYKE (Craton Stabilised by this time) 
LATE GRANITES 
Chinamora Syn-tectonic 
Wedza Suite 
Chinamora Post-Tectonic 
China mora Late 
Chilimanzi 
Northern Marginal Zone Syn-Tectonic 
SESOMBI SUITE TONALITES 
Sombula 
Sesombi 
White Waters 
MID-ARCHAEAN 
Chingezi TonaIite 
Rhodesdale Gneiss 
Umwindsi Gneiss 
Mashaba Tonalite 
Gwenoro 
EARLY ARCHAEAN 
Mont d'Or Granodiorite 
Mushandike 
Shabani 
Tokwe 
Oetri tal Zircons 
Rb-Sr 2461± 16 (15) 
Rb-Sr 2680±104 (10) 
Zircon 2667±4 (12) 
Zircon 2664±6 (18) 
Zircon 2649±9 (18) 
Zircon 2618±6 (18) 
Zircon 2601±14 (12) 
Rb-Sr 2570±25 (14) 
Zircon 2620±108 (13) 
Rb-Sr 2594±80 (7) 
Pb-Pb 2752±50 (4) 
Sm-Nd 2740 TOm (4) 
Rb-Sr 2633±140 (9) 
Ph-Pb 2579±164 (4) 
Sm-Nd 2680 TOm (4) 
Sm-Nd 2648±81 (11) 
Rb-Sr 2684±102; 2772±60 (4) 
Pb-Pb 2800±76;2874±32; 
2825±100; 2686±94 (4) 
Sm-Nd 2980; 3050; 2950 TOm (4) 
Rb-Sr 2700±80 (7) 
Pb-Pb 2976±125 (7) 
Sm-Nd 2990 TOm (4) 
( 
Rb-Sr 2860±135 (10) 
Rb-Sr 2860±60 (17) 
Rb-Sr 2720±60 (9) 
Pb-Pb 2705±62 (4) 
Rb-Sr 3350±120 (2) 
Pb-Pb 3345±55 (3) 
Zircon 3350 (I) 
Sm-Nd 3640 TOm (4) 
Rb-Sr 2917±171 (6) 
Pb-Pb 2946±135 (6) 
Rb-Sr 3445±260 (16) 
Zircon "just under" 3400 (5) 
Sm-Nd 3540 TOm (4) 
Rb-Sr 3495±120 (7) 
Pb-Pb 3088±45 (4) 
Sm-Nd 3460 TOm (8) 
Rb-Sr 3500±400 (9) 
Pb-Pb 3475±90 (4) 
Sm-Nd 3560 TOm (8) 
32~)~350/3460/3600/3800(1) 
Table 1.1 Geochronology of Zimbabwean Granitoids. References given in 
ca ption to figure 1.2 
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Dating Technique 
0- U·Ph Zircon -0- Pb·Pb (whole rock). Sm·Nd (TDM model age) 
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Geochronology Of Zimbabwean Granitoids 
Figure 1.2 Previous Geochronological Work on Zimbabwean Granitoids. References to table 1.1: 
(l)Dodson et ai, '88; (2)Moorbath et ai, '76; (3)Taylor et al, '84; (4)Taylor et ai, '91; (5)Compston et al, 
·90; (6)Moorbath et al, '87; (7)Moorbath, 77; (8)Moorbath et al, '86; (9)Hawkesworth et ai, 75; 
(lO)l3aldock and Evans, '88; (ll)NERC Geoscience Lab report '90-'92; (12)Jelsma, '93; (13)Kamber et 
al. '93; (14)Hickman, 78; (15)Hamilton et al, 77; (16)Hickman, 74; (17)Hawkesworth et al. '79; 
(18)Vinyu e t al. '93 
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Geochronology of Zimbabwean greenstones. 
Greenstone Belt 
Harare-Shamva 
Belingwe 
Bulawayo 
Kwekwe 
Mixed Suites 
Method 
Rb-Sr 
Pb-Pb 
Sm-Nd 
Zircon 
Rb-Sr 
Pb-Pb 
Rb-Sr 
Pb-Pb 
Pb-Pb 
Pb-Pb 
Rb-Sr 
Sm-Nd 
Limestone at base of Masvingo belt 
Pb-Pb 
Age 
2,512 ± 168 (1) 
2,670 ± 60 (2) 
2,659 ± 38 (3) 
2,910 TOM (1); 2,810 Ga TOM (1); 
2,850 TOM (1); 2,870 TOM (1); 
2,800 TOM (3) 
2,713 ± 15 (4) 
2,645 ± 4 (5) 
2,697 ± 9 (5) 
2,643 ± 8 (5) 
2,700 ± 70 (2) 
2,692 ± 9 (6) 
2,615 ± 28 (3) 
2,485 ± 90 (7) 
2,867 ± 81 (3) 
2,480 ± 140 (7) 
2,660 ± 70 (7) 
2,867 ± 195 (3) 
2,380 ± 394 (3) 
2,690 ± 90 (2) 
2,640 ± 140 (8) 
2,839 ± 33 (9) 
Table 1.2 Geochronology of Zimbabwean greens tones. 
References - (1) Baldock and Evans, 1988; (2) Jahn and Condie, 1976; (3) Taylor 
et al. 1991; (4) Jelsma, 1993; (5) Nesbitt et al. unpublished data tabulated in 
Jelsma, 1993; (6) Chauvel et al. 1993; (7) Hawkesworth et al. 1975; (8) Hamilton 
et al. 1977; (9) Moorbath et al. 1987 
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Age in Billions of Years 
2.0 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9 3.0 3.1 
Limestone in Masvingo belt -0--
Dating Technique 
-0- U-Pb Zircon -0- Pb-Pb (whole rock) 
--0-- Rb-Sr • Sm-Nd (isochron) 
• Sm-Nd (T DM model age) 
Geochronology Of Zimbabwean Greenstones 
Figure 1.3 Previous geochrono[ogical work on Zimbabwean Greenstones. References given in 
t(lble 1.2 
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1:2 THE ARCHAEAN CRATON OF ZIMBABWE- PREVIOUS 
WORK. 
The Archaean craton of Zimbabwe is ellipsoid in shape, 750 km long 
and 400 km wide, and covers a total area of 312,700 km2. The craton consists of 
a classic "granite-greens tone" terrain, of composite granite (sensu lato) 
batholiths, often containing several generations of granitoids of varying 
chemistry and grades of deformation, and greenstone belts (vo1cano-
sedimentary supracrustal sequences) which generally form cuspate, sync1inal 
structures between the batholiths. Metamorphic grades within the craton are 
generally low (greenschist to amphibolite fades), but the craton is bounded to 
the north, east and south by "mobile belts", the margins of which are defined 
by the onset of granulite facies metamorphism. To the south is the Archaean 
Limpopo mobile belt, which also. contains the 10 km wide Proterozoic 
Triangle Shear Zone (Van Breemen & Hawkesworth, 1980; Kamber et al. 
1993). To the north and east are the 500 Ma-old (Pan-African) Zambezi and 
, 
Mozambique mobile belts. The west of the craton is bounded by the 
Proterozoic Magondi Mobile belt (Treloar, 1988), a thin-skinned fold and 
thrust terrain. Unique to the Zimbabwe Craton is the Great Dyke, a 500 km 
long, 11 km wide layered ultramafic intrusion, the intrusion date of which 
(2461 ± 16 Ma, Rb-Sr; Hamilton, 1977) is used define the Archaean-Proterozoic 
boundary world-wide (Nisbet, 1982). Although in the "snakes head" region at 
the North of the craton the Great Dyke is deformed by the Zambezi mobile 
belt, the dyke cross-cuts all the ductile features within the craton (Treloar et al. 
1992), clearly demonstrating that by the time dyke was intruded, the 
Zimbabwe craton was fully assembled and stabilized, and acting as a rigid 
plate. 
Several papers have been published which detail the statigraphy of the 
Zimbabwe craton (eg. Wilson, 1979, 1981, 1990). In brief, the history of the 
craton may be divided into three "super events", each responsible for the 
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formation of both granitoids and greens tones, and defined primarily on 
temporal groupings of granitoids (figure 1.2). The first of these "super events", 
referred to as the "Sebakwian", occurred between"" 3.8 and 3.2 Ga ago, and had 
been recognised only within the Tokwe segment (figure 1.1) of the south of 
the craton (figure 1.1). The second "event" was the "Lower Bulawayan" at "" 
2.9 Ga. The effects of this event are recognised throughout the craton, from 
the Mashaba and Chingezi tonalites of the south of the craton, to the 
Umwindsi gneiss in the north, near Harare. The final "event" was the "Upper 
Bulawayan" from"" 2.7 to "" 2.6 Ga, which also produced magmatic effects over 
the entire craton. The (presumed) feeder dykes (which have yet to be dated) 
-for Upper Bulawayan greenstones in the Tokwe segment have suffered very 
low levels of deformation, and this "Mashaba-Chibi" dyke swarm has been 
used to demonstrate that the Tokwe segment stabilised prior to the Upper 
Bulawayan event, unlike the rest of the craton, much of which underwent· 
considerable deformation during the Upper Bulawayan. The early, 
stabilisation of the Tokwe segment is also shown by the Lower Bulawayan 
granitoids, which are often unfoliated within the Tokwe segment (eg the 
Chingezi Tonalite; Taylor et al. 1991), but which were strongly deformed 
during the Upper Bulawayan in the north of the craton (eg the Umwindsi 
gneiss; Baldock and Evans, 1988) 
Upper Bulawayan deformation has been explained in terms of the 
effects of the "Limpopo Orogeny" (eg Wilson, 1991, Treloar et al. 1992), the 
main phase of which occurred from ""2.7 to "" 2.6 Ga (Barton and Van Reenen, 
1992) during which the Limpopo mobile belt was formed by the collision of 
the Zimbabwe craton, the Kaapvaal craton, and the "Central Zone", an exotic 
crustal block (eg Roering et al. 1992). The study of this event is outside the 
sphere of this thesis, and the most recent information on research into the 
, 
timing and processes of the orogeny may be found in a special volume of 
Precambrian Research (Volume 55, 1992). It is, however, worth noting that 
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since this volume was published, U-Pb zircon dating by Kamber et al. (1993)" 
has confirmed a Sm-Nd age of 2.0 Ga (Van Breemen and Hawkesworth 1980) 
for the Triangle shear zone, a zone of mylonites up to 10 Km wide within the 
Limpopo mobile belt. Therefore the Limpopo mobile belt reached its present 
tectonic configuration in the Proterozoic, rather than the Archaean, and 
tectonic models for its development must now be re-assessed to take this into 
account. 
1:2.1 The I.IGranite" terrain 
Chemicall y, the granitoids of the ancient gneisses of the Tokwe 
segment, 1/2.9 Ga event" and the Sesombi and Wedza suites are dominantly 
members of the Tonalite-Trondhjemite-Granodiorite (TTG) suite (eg Taylor et 
al. 1991; Jelsma, 1993; Luais and Hawkesworth, 1994). Archaean TTG suite 
granitoids typically have low, mantle-like initial Sr isotope ratios (Moorbath 
and Taylor, 1981; Taylor et al. 1984; Martin, 1986; Harris et al. 198~; Taylor et al. 
1991; Luais and Hawkesworth, 1994), and are regarded as the fundamental 
building materials of Archaean continental crust (Barker and Arth, 1976; 
Campbell and Taylor, 1983; Rapp, 1991; de Wit et al., 1992). The Archaean TTG 
suite is characterised by low HREE (0.3 ::;; (Yb)N ::;; 8.5; Martin, 1993) and high 
LREE (generally"" 100 times chondritic values), resulting in highly fractionated 
REE patterns, in which (La/Yb)N ratios which may reach 150. Eu anomalies are 
generally small, and can be either positive or negative. Although fractional 
crystallisation models for the formation of Archaean TTG suites have been 
proposed (eg Arth et al. 1978) which may be applicable in certain 
circumstances, the model usually invoked for the formation of Archaean TTG 
suites is by partial melting of metabasite (Barker and Arth, 1976; Jahn et al. 
1981; Hunter et al. 1984; Glikson and Jahn, 1985; Martin, 1986; Condie, 1986; 
Rudnick and Taylor, 1986; Harris et al. 1986; Johnston and Wyllie, 1988; 
Drummond and Defant, 1990; de Wit, 1992; Jelsma, 1993; Luais and 
Hawkesworth, 1994) with minimal residual plagioclase (and hence no 
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significant Eu depletion of the melt) and residual garnet and/or hornblende 
responsible for the low HREE. 
The Sebakwian 
The Sebakwian represents the most ancient material recorded in the 
Zimbabwe craton, and outcrops within the Tokwe segment of southern 
Zimbabwe (figure 1.1). The oldest ages yet recorded are from detrital zircons 
(Dodson et al. 1988) in Late Archaean (Tsomondo et al. 1992) sediments in the 
Shurugwe and Buchwa greenstone belts. However, material of this age has yet 
to be recognised in-situ, and the oldest gneisses (the Mushandike, Shabani and 
Tokwe gneisses) give a.ges that cluster between 3.4 Ga and 3.5 Ga (although the 
errors on these ages are large). 
The Mont d'Or granodiorite has a depleted mantle model age distinctly 
older (3.65 Ga) than its well constrained crystallization age of 3.35 Ga (figure 1.2 
and table 1.1), a high 87Sr /86Sr initial ratio (0.711 ± 0.002; Moorbath et al. 1976)4 
and a high apparent III value (9.3; Moorbath et aI, 1987). This granodiorite has 
therefore been interpreted (Taylor et al. 1991) as the earliest recorded ensialic 
intra-crustal remelt within the Zimbabwe craton. 
The final effect of the "Sebakwian" is recorded as a 3.2 Ga abundance 
peak within detrital zircons (Dodson et al. 1988). However, as with the oldest 
detrital zircons, the source of these zircons has not been recognised. 
Lower Bulawayan - the 2.9 Ga event. 
Although granitoids of this age outcrop over the entire craton, they are 
more extensive in the south of the craton, where they are generally preserved 
at low metamorphic grades and are often unfoliated (eg Wilson, 1973; Taylor 
et al. 1991). By contrast, granitoids of this age in northern Zimbabwe, such as 
the Rhodesdale and Umwindsi gneisses are strongly deformed and 
migmatised. 
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Upper Bulawayan 
The earliest Upper Bulawayan granitoids are the syn-tectonic Sesombi 
(figure 1.1) and Wedza suites (also referred to as the "gneissic granites" within 
the Chinamora batholith). The Wedza suite has been dated at 2,667 ± 4 Ma (U-
Pb zircon; Jelsma, 1993). The Sesombi suite outcrops over a broad linear belt to 
the west of the craton (figure 1.1), and the Wedza suite (eg the Litchfield 
gneissic granite in the west of the Chinamora batholith; Snow den and 
Snowden, 1981) outcrops in batholiths surrounding the Harare-Shamva 
greens tone belt. As previously discussed, these granitoids are members of the 
Archaean TTG suite, and their formation has been modelled as being due to 
partial melting of a metabasite source rock (Jelsma, 1993; Luais and 
Hawkesworth, 1994) 
There are major differences, both in terms of major and trace elements, 
between the Sesombi and Wedza suites, and the late syn- to post-tectonic 
Upper Bulawayan granitoids which were intruded subsequently. These 
younger granitoids have high K20jNa20 ratios compared to the TTG suite, 
and plot on ca le-alkaline, as opposed to sodic trends (Snow den and Snowden, 
1981; Vinyu et al. 1993; Jelsma, 1993). The granitoids have non-minimum melt 
behaviour, and were emplaced at depths of between five and twelve 
kilometres (Vinyu et al. 1993). There is considerable chemical variation within 
these granitoids, and their formation has been modelled as resulting from 
interaction between basaltic melts and partial melts of pre-existing continental 
materials (Vinyu et al. 1993; Jelsma, 1993). 
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Figure 1.4 CaO - Na20 :-K20 diagram for Upper Bulawayan granitoids, showing the broad 
range of compositions for the Wedza and late tectonic (Mazowe) granitoids, and the restricted 
range in composition, and comparatively high K20 IN a20 ratio of the late granites of the 
Chilimanzi suite (after Jelsma, 1993). 
1:2.2 Greenstone Belts 
Greenstone belts are volcano-sedimentary units present within most 
Archaean terrains. World-wide, their general stratigraphy is remarkably 
similar, with a mafic/ultramafic lower unit, passing up into a tholeiitic 
sequence, which may incorporate (bimodal) felsic volcanics, overlain by 
sedimentary sequences, generally preserved at low metamorphic grade 
(greenschist to amphibolite fades). Despite the similarities in their 
stratigraphy, it is probable that greens tone belts were developed in several 
different environments (de Wit et al. 1992). The 3Jamestown Ophiolite 
Complex within the Barberton greenstone belt (de Wit and Hart 1993), and 
the Kam group within the Yellowknife greens tone belt (Helmstaedt et al. 1986) 
contain sheeted dykes, indicative of considerable extension, and these belts 
~ 
have been interpreted as obducted pieces of oceanic crust. Other belts have 
basal contacts which have been mapped as unconformities (Bickle et al. 1975; 
Blenkinsop et al. 1993) and which show evidence for contamination by pre-
. 
existing continental crust (Compston et al. 1986; Taylor et al. 1991). 
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The Zimbabwe Craton contains a total of 32 greenstone belts, intruded' 
in three major periods of greens tone belt formation, the "Sebakwian", the 
"Lower Greenstones" (or Lower Bulawayan) and the "Upper Greenstones" (or 
Upper Bulawayan). Figure 1.3 summarises published geochronological data on 
these greenstones. The dates of the Sebakwian and Lower Greenstones are 
poorly constrained, and are generally taken as "" 3.5 Ga and"" 2.9 Ga 
respectively, based on the assumption that they are cogenetic with suites of 
granitoids of those ages (figure 1.2). This assumption leaves considerable scope 
for error within the Sebakwian, where the ages of the granitoids, and possible 
contact relationships are comparatively poorly constrained. However, field 
relationships demonstrate that this assumption is valid within the Lower 
Greenstones. The base of the west of the Belingwe greens tone belt contains a 
formation of felsic vent agglomerate (the Hokonui formation) which both 
cross-cuts and is intruded by the Chingezi tonalite (Taylor et al. 1991), clearly 
demonstrating that the greenstones and the Chingezi tonalite we~e coeval. 
As shown in figure 1.3, the Upper Greenstones are geochronologically 
far better constrained than the older greenstones. On the basis of their 
stratigraphy, the Upper Greenstones are divided into "Eastern" and "Western" 
successions (figure 1.1). The lower stratigraphic levels of both successions are 
of mafic-ultramafic vo1canics. In the eastern succession these pass upwards 
into a sequence of interbedded tholeiites and pelite-dominated sediments, 
whereas the western succession passes up into a bimodal suite, with 
interbedded mafic/ultramafic and felsic (calc-alkaline) volcanics. These felsic 
volcanics may become dominant towards the top of the sequences. The eastern 
sedimentary unit, and its overlying and interbedded basalts, can be traced 
laterally into the western bimodal volcanic unit (Wilson, 1979), demonstrating 
that the the two success ions were contemporaneous, confirmed by the similar 
ages obtained for the basal volcanics of the Harare-Shamva (western) and 
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Belingwe (eastern) of 2,713 ± 15 Ma (U-Pb zircon, Jelsma, 1993) and 2,692 ± 9 Ma 
(Pb-Pb, Chauvel et al. 1993) respectively. 
The Upper Greenstones of the Belingwe greenstone belt have long been 
cited as an example of greens tones which were extruded on pre-existing 
continental crust (eg. Bickle et al. 1975). Recently, this has been challenged by 
Kusky and Kidd (1992) who suggested that shear zones at the base of the 
greens tones imply that the belt was an obducted oceanic plateau. This 
suggestion is supported by the whole-rock chemistry of komatiites (Bickle et al. 
1993), ion-probe analyses of glassy inclusions within komatiites (McDonough 
and Ireland, 1993) and Pb isotope analyses (Chauvel et al. 1993) on the well 
preserved basal maficl ultramafic volcanics of the belt (the Reliance 
formation), which showed that contamination of these volcanics by 
continental crust was minimal «1 % by mass) . However, recent detailed 
mapping of the area (Blenkinsop et al. 1993) strongly supports the suggestion 
that the greens tones were formed within an ensialic environment, with the 
thin shear zone (which is not mylonite as stated by Kusky and Kidd (1992)) at 
the base of the greenstones representing a local accommodation structure 
related to the folding of the greens tone belt. Perhaps one of the most graphic 
illustrations of the low strain that the basal greens tones have suffered (by 
analogy with more recent ophiolites, the Kusky and Kidd model requires that 
the lowermost greens tones are strongly deformed by the large tectonic forces 
involved in obduction) is the presence of very well preserved liquid 
immicibility ocelli within the rims of komatiitic pillow lavas within a few 
tens of metres of the base of the sequence which still preserve their original, 
spherical form (photograph 1.1). 
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Photograph 1.1 Liquid immicibility ocelli within the rim of a komatiitic pillow lava, basal 
Reliance formation, Upper Bulawayan of the Belingwe Greenstone belt. 
The base of the Harare-Shamva greenstone belt has been extensively 
modified by later tectonism and magmatism, and therefore structural 
evidence cannot be used to determine if the belt is allochthonous or 
autochthonous . However, Sm-Nd TDM model ages on the volcanics are 
consistently higher than their extrusion ages (figure 1.3), demonstrating 
contamination by pre-existing enriched (continental) material. Therefore, 
these greens tones are also assumed to have been extruded onto continental 
crust. 
The arguments detailed above are considered to refute the Archaean 
ophiolite hypothesis for the Upper Greenstones of Zimbabwe, which are 
therefore considered to have formed within an ensialic environment in 
response to plume activity. 
The Upper Greenstones are unconformably overlain by the 
"Shamvaian", a sequence of conglomerates and greywackes, syn-depositional 
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intrusions within which have been dated at 2,672 ± 12 Ma (U-Pb zircon; Jelsma 
1993), coeval with the first (Wedza suite) Upper Bulawayan granitoids (2,667 ± 
4 Ma; U-Pb zircon; Jelsma 1993). As these Upper Bulawayan granitoids were 
emplaced at depths of five to twelve kilometres (Vinyu et al. 1993), they are 
unlikely to have been unroofed at this time, and the granitoid clasts within 
basal Shamvaian conglomerates are therefore older than the Upper 
Bulawayan, and preserve a unique sample of the pre-Upper Bulawayan 
continental crust through which the Upper Greenstones were erupted. 
1:2.3 Late Granites 
The final felsic igneous activity recorded on the craton was the 
intrusion of the post-tectonic Chilimanzi suite of late granites at 2,601 ± 14 M~ 
(U-Pb zircon; Jelsma, 1993). These granitoids are presently exposed over 
approximately 50 % of the surface of Zimbabwe (Ridley, 1992). They are 
generally tabular or sheet-like in form (Snow den, 1984), and are exposed at 
close to their maximum extent by the present erosion level. They are 
comparatively enriched in heat producing elements such as U, Th, K and Rb 
(figure 1.5), and depleted in elements concentrated within feldspars, such as Sr 
(which is compatible in plagioclase) and Ba (which is compatible in potassium 
feldspar). It has therefore been proposed (eg Jelsma, 1993) that this suite was 
formed by intra-crustal re-melting. 
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Figure 1.5 Incompatible element plot showing element patterns for the Wedza suite and the 
Mumurgwi granite, a "Late Granite" of the Chilimanzi suite, normalised to primitive mantle 
values of McDonough and Frey, 1989. (after Jelsma, 1993) 
1:2.4 Deformation of the Granite-Greenstone terrain. 
The Upper Bulawayan Granite-Greenstone terrain is deformed into a 
series of dome and basin structures, with granitoid batholiths occupying the 
domes, and the greenstone belts occupying the intervening basins . This 
pattern was initially ascribed to vertical tectonic processes, with the diapiric 
intrusion of "gregarious batholiths" (Macgregor, 1951), implying a 
comparatively weak crust. However, this model was questioned by authors 
(Snow den and Bickle, 1976; Snow den, 1984) who proposed that the 
deformation was a result of a fold interference pattern, in response to 
horizontal tectonic forces, which would require the crust to be comparatively 
strong. Recent mapping within the Chinamora Batholith and Harare-Shamva 
greens tone belt (Jelsma, 1993) strongly supports the vertical tectonic model in 
this area, with diapirism (or ballooning plutonism) as the dominant driving 
force of deformation. However, the presence of major shear zones (figure 1.6) 
indicates that a model of purely vertical tectonics cannot be invoked to explain 
all the deformational features of the Zimbabwe craton. The horizontal 
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deformational components have been attributed to compression related to the 
formation of the Limpopo mobile belt (eg. Wilson, 1990; Treloar et al. 1992). 
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Figure 1.6 Shear zones within the Zimbabwe Craton (after Treloar et al. 1992) 
The exact timing of the deformation of the craton which produced the 
major regional shears is only constrained to be between the 2,670 Ma syn-
tectonic Wedza and Sesombi suites of tonalites, and the intrusion of the Great 
Dyke at 2,461 16 Ma, (Rb-Sr, Hamilton, 1977) which cuts all the ductile 
structures on the craton. Although the 2,600 Ma Chilimanzi suite of 3Late 
Granites are regarded as post-tectonic, the~e is a strong probability that this 
assumption has been incorporated into the mapping of the craton, and that if 
members of the Chilimanzi suite were deformed by the shears, the gneissose 
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rocks which resulted would not be mapped as Late Granites. Therefore more' 
detailed geochronological work on the deformed granitoids is required before 
the exact deformational history of the craton, and how the vertical tectonics of 
the Harare area relate to the regional shear zones, may be deduced. 
1:3 STRUCTURE OF THIS THESIS 
The aim of this thesis is to characterise, both geochemically and 
geochronologically, the early continental crust of Northern Zimbabwe, 
through the analysis of granitoid c1asts in late Archaean sediments. These 
represent the least altered remnants of this early crust, which was extensively 
re-worked by ~Upper Bulawayan igneous and tectonic activity. Knowledge of 
the chemistry and geochronology of this early continental crust will provide 
valuable insights into the formation and stabilisation of the continental crust. 
The thesis is divided into four chapters. This first chapter is a general 
introduction to the Archaean of Zimbabwe. 
The second chapter deals with zircon dating, covering first the physical 
and chemical properties of zircon, and then the principal methods of zircon 
dating which are in common use, concentrating on the ~Kober Technique of 
Pb-Pb zircon dating by direct thermal ionisation of zircon crystals, which has 
been applied in this thesis to samples from Zimbabwe. 
The third chapter details the chemical and geochronological 
investigation of the early crust of the north of the Zimbabwe craton. 
The fourth chapter discusses the history of the Zimbabwe craton within 
a context of various other models proposed for Archaean processes, and 
proposes models for the formation and stabilisation of continental crust in the 
Archaean. 
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Chapter Two 
U-Pb and Pb-Pb Zircon Dating 
2:1 INTRODUCTION 
Zircon is an extremely durable accessory mineral present within most 
crustal rock types. It is capable of remaining as a closed system to U, Th and 
radiogenic Pb through processes ranging from weathering, to partial melting, 
to diamond pressure metamorphism. Clearly, the study of such a durable 
material may provide invaluable information on the crystallisation history of 
< 
igneous and metamorphic rocks. This chapter will discuss first the chemistry 
and physical properties of zircon, then U-Th-Pb systematics, and then finally 
the methods of zircon dating in most common use. Particular emphasis is 
given to the "Kober technique" of Pb-Pb dating by whole-grain evaporation of 
zircon crystals, which has been applied in this thesis (Chapter 3) to date 
Archaean granitoids in Northern Zimbabwe. 
2:2 THE PHYSICAL PROPERTIES & CHEMISTRY OF ZIRCON 
Zircon (tetragonal ZrSi04) acts as the major sink for zirconium within 
most crustal rocks, and as such, forms a near-ubiquitous phase within crustal 
igneous and ~ metamorphic systems. Although zircon is generally of low 
abundance, it may reach modal abundances of several percent in certain 
alkaline igneous rocks, and it is an essential constituent of zircon syenite. In its 
purest forms, zircon is hard (hardness 7.5), dense (relative density 4.7), with 
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poorly developed cleavages ({110} imperfect, {111} poor). It is both 
mechanically and chemically extremely resistant to most geological processes. 
Due to its hardness and resistance to weathering, zircon is a common "detrital 
mineral in clastic sedimentary rocks, becoming more concentrated within 
more mature sediments, where it may form placer deposits. 
2:2.1 Zircon Typology 
Zircon crystallises in the tetragonal system, in a wide range of crystal 
shapes. Pupin (1980) devised a classification system based upon 75 of the most 
-
common habits of magmatic zircon (Figure 2.1). By painstakingly extracting 
zircons held as inclusions within minerals of a known crystallisation 
sequence, Pupin demonstrated that the habit of the crystal depended upon 
both the chemistry of the enclosing magma, and upon the temperature at 
which the zircon crystallised. Therefore within a single magma body, th~ 
crystal habit of zircon evolves as the magma cools and crystallises. Thus the"" 
form (or typology) of zircon may be utilised both in the classification and 
discrimination of various granitoids, and as a geothermometer. 
The Pupin system of zircon classification has been widely accepted, and 
geothermometery based on zircon morphology is often quoted in the 
literature (eg Jelsma 1993). Pupin's proposed sequences of zircon morphology 
have been used in studies of trace element concentration during the 
crystallisation of a magma (Barth et al. 1989; figure 2.2), and the modal 
abundances of the various crystal types have been used to distinguish mixed 
populations of zircons, such as the main phase of zircon crystallisation within 
a magma and xenocrystal zircons (Bossart et al. 1986). 
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The Pupin Typological Classification of Zircons 
Figure 2.1 The Pupin (1980) typological classification of zircons based on crystal morphology. 
It should be noted that the Pupin typological classification takes no 
account of the length to breadth ratio of the zircon crystal. This ratio is also 
extremely variable, with zircons tending to become more elongate with faster 
crystallisation (Speer 1980). Length to breadth ratios have been incorporated in 
systems used to distinguish different plutons of similar composition by the 
shapes of the .zircons they contain (Byerly et al. 1975). 
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Figure 2.2. Typological frequency diagrams showing abundances of zircon morphology within 
different intrusions (Barth et al. 1989), illustrating how zircon typology may be used to 
distinguish between different granitoids. 
More recently, Benisek and Finger (1993) concluded that the prism 
morphology of zircons in granitic systems does not constitute a reliabl~ 
geothermometer as proposed by Pupin (1980), as crystal morphology is 
controlled by the trace element concentration within zircon, notably V, Th and 
Y (REE). The observed progress ions of crystal forms are therefore due to 
progressive enrichment of these incompatible elements within the cooling 
magma, and Pupin's geothermometery using zircon should only be taken as a 
guide-line, based on the fact that cooler magmas tend to have higher contents 
of incompatible elements. 
2:2.2 Zircon solubility in crus tal melts and zircon xenocrysts. 
Zirconium has relatively low solubility in most crustal melts, with 
saturation levels of only"" 50 to 350 ppm in granitoids (Watson and Harrison, 
1983). Zirconium solubility depends on the temperature of the melt and its 
composition, increasing with increasing magma alkalinity (measured by the 
alkali/alumina ratio). Peralkaline melts are capable of holding large amounts 
. 
of zirconium in solution, and pantellerites' with up to 1800 ppm of Zr 
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of zirconium in solution, and pantellerites with up to 1800 ppm of Zr 
uniformly distributed within the glassy matrix have been recorded (Watson, 
1979). The rate at which zircon dissolves within crustal melts is strongly 
dependant upon the water content of the magma. Rates of zircon dissolution 
in anhydrous (>0.2% H20) melts are very low, such that a 50 !lm crystal will 
require in excess of 200 Ma to dissolve in an anhydrous granitic melt at 750°C. 
However, if 3-6 % of water is added to the system, the same crystal will 
dissolve geologically instantaneously, in less than 100 years (Harrison and 
Watson, 1983). Therefore the rate of dissolution of zircon is rarely a control on 
the Zr content of magmas produced by intra-crustal melting. 
Most granites produced by intra-crustal melting will become saturated 
with Zr before all the zircon available in the source has been consumed 
(Watson and Harrison, 1984). The separating melt phase may entrain restitic 
zircon crystals, derived from the pr otolith from which the melt was generated. 
These xenocrysts will retain their original isotopic composition, ~md thus give 
the age of the protolith. An excellent example of this was studied by Zeitler 
and Chamberlain in 1991, working on young leucogranites in the Western 
Himalaya of Pakistan. In the Nanga Parbat region, they found zircons with 
high U (5000 to 40,000 ppm U) rims which they dated at ~ 15 Ma. The 
xenocrystic cores to these zircons have much lower contents of U, and are far 
older, with 1800 Ma being the age of most of the population, although some 
crystals of late Archaean age (2,600 Ma) are present. 
2:2.3 Zonation of Zircon 
Zircons commonly show very fine scale zonation, individual zones 
having thicknesses down to one micron. This zonation may be highlighted by 
sectioning and polishing the crystal, and then either etching the surface with 
HF vapour, or by causing the crystal to fluoresce. Ono (1976) showed zoning 
defined by fluorescence under electron bombardment corresponds to chemical 
].S .Dougherty-Page Chapter 2 27 
zoning, with the areas of brightest fluorescence generally corresponding to 
areas richer in Hf02 and poorer in YP04. However, because of the large 
number of substituting elements which may be present, no' simple 
rel~tionship exists between luminescent intensity, colour and chemistry 
(Speer, 1980). Therefore cathodoluminescence is a useful tool in highlighting 
the zonation within zircons, but it cannot be calibrated to give any estimate of 
the variations in chemistry between zones. This chemical variation is best 
studied by ion probe. However, as the size of spot analysed by ion probe is 
generally in the range 20-30~m, it should be remembered that such analyses 
may represent analyses of up to 30 separate zones. 
Recent workers (Hanchar & Miller, 1992; Vavra, 1992) have used the 
zonation within zircon crystals, highlighted by differing intensity of 
cathodoluminescence, to trace the morphological growth history of individual 
crystals, without recourse to the method used by Pup in, which is extremely 
time consuming, and requires large amounts (several tens of kilos) of rock in 
order to extract sufficient zircon, followed by careful mineral picking, before a 
statistically valid analysis can be made. 
Pidgeon (1992) has noted that many zircons with fine scale zonation 
also show a patchwork replacement of the zoned material by unzoned zircon. 
The zoned material often fades into unzoned material with faint traces of 
zonation still detectable at the margins of the zoned zircon. There are 
important chemical differences between the unzoned material and the 
primary, finely zoned ,material. The unzoned material is generally much 
"purer", with lower concentrations of trace elements such as U (up to 5 times 
less), Th (up to 10 times less), and Pb (also up to 10 times less), than the zoned 
. 
material. How common this process is, and the time interval between the 
original crystallisation of the zircon artd the replacement is still unclear. The 
main question that remains to be answered is whether the replacement occurs 
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soon after crystallisation, within the cooling igneous body, or whether the 
replacement reflects a later (thermal) event. 
2:2.4 The Trace Element Chemistry of Zircon. 
The principal structural unit of zircon is a chain of alternating, edge 
sharing [Si041 tetrahedra and [Zrosl triangular dodecahedra extending parallel 
to the c-axis (Speer, 1980). The zirconium ions are in the zr4+ state, and have 
an atomic radius of 0.84 A. The elements which have a similar charge and 
ionic radius, and which commonly substitute for zirconium inc1ude:-
Ion Ionic radius 
Hf4+ 0.83 A 
y3+ 1.02A 
u4+ . 1.00A 
Th4+ 1.0sA 
Rare Earth Elements (REE) La3+ (1.16A) to Lu3+ (O.98A) 
Pb4+ 0.94A 
Si4+ has an ionic radius of 0.26A, and the more common substituting ions 
inc1ude:-
AI3+ 0.39A 
p5+ 0.17A 
The mineral hafnon, [HfSi041 is isostructural with zircon, and, due to 
the similarity in size and charge of the Zr and Hf ions (see above), a complete 
solid solution series exists between the two minerals. The mean Zr:Hf ratio of 
zircons is around 40:1, (Speer, 1980) which is approximately the ratio between 
the abundances of these two elements in the Earth's crust, suggesting that 
most geological processes are incapable of fractionating these two elements 
from each other. However, Hf does seem to become relatively enriched in the 
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final stages of crystallisation of a magma (Ono, 1976; Kinny and Wyborn, 1990) 
and extreme fractionation of Hf from Zr does occur, notably in pegmatites 
containing Ta and Nb minerals. Hafnons from Zambezia, Mo\ambique, have 
been found with compositional zones of up to 97% hafnon, and bulk 
compositions of up to 78% hafnon (Speer, 1980). Conversely, zircons from 
magmas generated in continental rift settings (such as carbonatites or 
nepheline syenites) have anomalously low Hf concentrations, «8000 ppm Hf, 
with Zr:Hf ratios >60; Heaman et aI, 1990). The mechanisms by which Zr and 
Hf are fractionated are still unclear. 
Xenotime [YP04] .is also isostructural with zircon, but due to differences 
in the size of the unit cell, only about 3 wt% of xenotime may be incorporated 
in solid solution within the zircon lattice before xenotime starts to form a 
discreet phase intergrown within the zircon crystal. Other isostructural 
minerals commonly intergrown with zircon include thorite [ThSi04] and 
coffinite [USi04]. 
Zircon may contain up to 10 wt% Rare Earth Elements (REE), with 
average contents of around 1%. From simple deductions based upon the ionic 
radius, it can be seen that due to the lanthinide contraction, the smaller heavy 
REE (HREE) are more compatible within the zircon lattice than the light REE 
(LREE), resulting in HREE enrichment in the zircon crystal. As Eu is 
commonly reduced to the Eu2+ state within magmas, it is not as readily 
accepted into the zircon lattice as the other REE, resulting in a negative Eu 
anomaly. These simple deductions are bourne out by work on zircon 
distribution coefficients carried out by Nagasawa (1970) and Gromet and Silver 
(1983). 
The differences in compatibility within zircon between Hf and Lu (a 
. . 
member of the HREE) have important implications for the Lu-Hf system of 
dating. Although the methodology and applications of this dating 'system lie 
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beyond the scope of this thesis, it provides a useful example of some of the 
implications of the trace element chemistry of zircon. 176Lu decays to produce 
176Hf with a half-life of 3.5 (± 0.2) x 1010 years. Hf is far more strongly 
partitioned into zircon than are the HREE at the time of crystallisation of the 
melt. Typical Hf concentrations in zircon are ::= 1.65 wt % (wt % of Hf in 
hafnon x typical zircon:hafnon ratio), while typical Lu concentrations are only 
::= 25 ppm (typical Lu abundance in zircon (::=1000 x chondrite) x the chondritic 
value (0.025 ppm». Hf:Lu ratios in zircon are therefore ::= 700:1. This 
fractionation of the parent isotope (176Lu) from the daughter (176Hf) means 
that little radiogenic Hf is formed within zircon, and therefore zircon may be 
used to provide an initial 176Hf / 177Hf ratio of the source of the zircon's host. 
rock, with corrections due to the decay of 176Lu being negligible for rocks 
younger than ::= 3.0 Ga old (G.Faure, 1986). In whole-rock dissolution analyses, 
complete dissolution of all the zircon present is therefore essential in order to 
obtain an accurate result, and furthermore, the presence of xenoc;rystic zircon 
cores may cause major errors in the interpretation of the data if their presence 
is not accounted for. 
Figure 2.3 shows the REE contents of rims and cores of zircons from the 
Boggy Plain Adamellite determined by Kinny and Wyborn (1990) in an ion 
probe study. The cores have a classic magmatic HREE-enriched pattern, with a 
negative Eu anomaly and Ce-enrichment. However, the rims, which 
crystallised from late-stage hydrothermal fluids, have extremely high 
abundances for all the REE, and much flatter patterns. The rims were also 
found to be enriched in U, Th and Hf. The REE content of zircons (determined 
by ion-probe) has been used as a discriminant factor in dividing detrital 
zircons from sedimentary rocks into distinct populations (Gaudette et al. 1981) 
thus enabling the hinterland rocks from which the sediment was derived to be 
dated by multi-grain dissolution analysis. 
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Figure 2.3. Chondrite normalised core and rim REE profiles for zircons from the Boggy Plain 
Adamellite (Kinny and Wyborn, 1990). 
Hansen and Friderichsen (1989), carried out detailed X-ray 
investigations on populations of zircons from three granites. They found that 
the cell volume and lattice constants of their zircons increased with increasing 
amounts of incorporated trace elements, and thus a strong correlation exists 
between the level of impurities present and the ease with which the zircon 
crystal will become an open system with respect to radioactive parent isotopes 
and their daughter products. 
Therefore, the purer a zircon is, the more reliable it is as a 
geochronome ter. 
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2:2.5 Thorium, uranium & lead chemistry of zircon. 
V4+ (1.00A) and Th4+ (1.05A) both may substitute for Zr4+ (0.84A) within 
the lattice of zircon. Typical Th contents of zircons range from::; 2 ppm in 
zircons from kimberlites, up to 10 wt% in some metasomatic rocks. V contents 
range from::; 2 ppm in zircons from kimberlites, up to 7 wt% in some 
pegmatites. Evolution of zircon morphology is often linked to the 
fractionation trend of the host magma towards an incompatible element 
enriched residual melt, resulting in higher V contents in more evolved zircon 
forms. The more evolved zircon types typically show an inverse correlation 
between grain size and V-concentration, as the smallest crystals formed last, 
within the most V-rich environment. 
.. 
The Th/V ratio of zircons is generally::; I, in contrast to typical values of 
3.5 to 4 for their igneous host rocks. This could be for two reasons. First, the U 
ions, being marginally smaller, fit better inside the zircon lattice than the Th 
ions, and thus may be taken up preferentially. Secondly, the Th could have 
been taken up by the crystallisation of phases such as thorite, allanite or 
monazite, all of which have a strong affinity for Th relative to V. A study of 
the V and Th contents of zircons during the crystallisation of a magma body 
(the Rensen Pluton in Northern Italy) was undertaken by Barth et al. (1989). 
Vsing Pupin's classification system, they showed that the V content of zircons 
increased progressively from the least evolved crystal shapes, which contained 
:::::610 ppm of V, up to 1760 to 2540 ppm in the more evolved crystals. The 
zircons also displayed a progressive decrease in Th/V from the least evolved 
types to the most evolved types, which they attributed to the crystallisation of 
allanite during the crystallisation sequence of zircon. 
Pb within the magmas tends to be in the Pb2+ state, with an ionic radius 
of 1.29A. The Pb ion is both far too large, and its charge too small, to be able to 
fit readily into the zircon lattice, and thus Pb is virtually excluded from the 
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zircon at the time of crystallisation. Therefore, the vast majority of Pb found in 
zircon is formed in-situ by the radioactive decay of U and Th. The "common 
lead" (Pb not generated by in-situ radioactive decay) content of "pure", high 
qu~lity zircons has been estimated at ~ 10 parts per billion (Compston et al. 
1992). 
The radiogenic Pb held within the zircon has a high activation energy -
up to 7 eV (Bogolomov, 1991). Thus this Pb must be held in the 6- or 8-fold 
coordinated site usually occupied by Zr4+, in the Pb4+ state. It has been 
speculated (Kober, 1987) that the highly oxidizing conditions necessary to 
oxidise the radiogenic Pb are set up within the crystal lattice as a result of the 
decay of the radioactive isotopes. The 15- particles released have ranges of up to 
1mm, and thus may escape the crystal. The alpha-particles have much shorter 
ranges (0.01 to 0.03 mm), and as such will remain within the crystal. Therefore 
an excess of positive charge is set up, carried by He2+ or He4+. These are very 
strong oxidizing agents, and electron donation from radiogenic nucleiide's 
such as Pb2+ may be a prominent process of charge redistribution, oxidizing 
Pb2+ ions to Pb4+, enabling them to become stabilised within the zr4+ sites of 
the zircon lattice. 
2:2.6 Zircon blocking temperatures 
The high activation energy necessary to remove radiogenic Pb from the 
lattice of zircon has important implications for Pb retention by zircon during 
the geological processes which may affect zircons after their initial 
crystallisation. U-Pb dating on xenocrystal zircon cores has unequivocally 
demonstrated that the blocking temperature of zircon to open system 
behaviour of its parent and daughter isotopes is above the temperature of 
most magmatic systems, and zircon xenocrysts have even been recovered 
. 
from komatiitic basalts within greens tone belts with probable extrusion 
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temperatures >1200°C (Compston et al. 1986). Claoue-Long et al. (1991) 
demonstrated that in the extreme, diamond-pressure, metamorphic 
compositions recorded in the Kokchetav massif, Russia (up to 40 kbar and 900 
to 1000°C) although most of the zircon present was re-set to the time of the 
metamorphism, some xenocrystic cores to zircon crystals have at least partially 
retained their original isotope systematics, and give crystallisation ages of up 
to 2000 Ma. Zircons from kimberlites have also been found which have 
retained Archaean (===2.8 Ga) isotopic signatures (Kinny et al. 1986), interpreted 
as the time at which the lithospheric mantle source region of these zircons 
(formed at ===3.5 Ga) passed through a blocking temperature of ~ 1l00°C. 
However, although zircon is capable of retaining closed-system 
behaviour at extreme temperatures and pressures, crystals (or portions of 
.' 
crystals) commonly show some degree of Pb or U loss (Pb loss is the more 
common) when subjected to metamorphic or magmatic events. When loss of 
U or Pb does occur, ion microprobe dating has demonstrated tHat zircons do 
not show an internal Pb loss pattern which might represent a diffusion 
gradient. Instead, the magnitude of the Pb loss varies from zone to zone 
within the crystal, bearing no systematic relationship to crystal edges 
(Williams et al. 1984). The degree of Pb loss suffered by a zircon crystal durmg a 
thermal "event" is dependant on the degree of order of its crystal lattice. This 
is' controlled by two related factors. The first is the trace element content 
(section 2:2.4), and the second is the amount of radiation damage to the lattice 
caused by in-situ decay of the trace elements U and Th. 
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2:2.7 Metamict Zircon. 
The decay of U and Th results in damage to the crystal lattice of zircon, 
forming metamict zircon. Metamict zircon has sufficient! y different physical 
and optical properties to normal zircon to have been given separate names in 
the past, such as malacon or cyrtolite. Entire crystals may be metamict, or 
zones within a crystal, or more commonly, the rims of crystals (which often 
have the highest incompatible element concentrations - section 2:2.4). 
Transmission Electron Microscope (TEM) studies (McLaren et al. 1990) 
have shown that radiation damage causes the zircon to break down into an 
extremely fine grained « 10 nm) intergrowth of baddeleyite (Zr02) and silica 
glass. This alteration causes crystals to become "milky" or opaque, rather than 
transparent. As the breakdown reaction involves a volume increase (and 
density decrease), metamict zircon is less dense, and softer than pristine 
zircon. These differences in physical properties may be used to separate 
metamict zircons from undamaged crystals. 
Metamict zircons have far lower activation energies before they become 
open systems with respect to radioactive elements and their daughter products 
than pristine, non-metamict zircons (4 e V as opposed to 7 e V for non-
metamict crystals, Bogomolov, 1991). Therefore, metamict zircons are of less 
use than unaltered crystals in constraining the crystallisation age of a 
population of zircons, as their isotope systematics may be disturbed by 
relatively minor events, and steps are usually taken to exclude metamict 
material from analysed suites of zircons. 
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2:3 U-Pb & Pb-Pb GEOCHRONOLOGY USING ZIRCON 
Possibly the most geologically useful isotopes present in zircon are 238U, 
235U and 232Th. These are present as Th4+ and U4+ions, and occupy the zr4+ 
site in the crystal lattice. They ultimately decay to 206Pb, 207Pb and 208Pb 
respectively. Between them, these three decay series contain 43 isotopes of 12 
elements as their intermediate daughter products, but each daughter product 
is specific to a single decay series . 
238U .. 206Pb Half-Life = 4468 Ma 
235U .. 207Pb Half-Life = 704 Ma 
232Th .. 208Pb Half-Life = 14, 010 Ma 
The radiogenic lead (Pb*) produced is retained within the crystal lattice, 
and thus Pb* IU, Pb* ITh and Pb* IPb* ratios may be used. to date the 
crystallisation of the mineral. 
2:3.1 The concordia diagram 
The decay of 238U to 206Pb* and of 235U to 207Pb* takes place according to 
the following equations:-
Where: 
206Pb* 
___ = (eA.238U X time of decaY)_l . 
' 238U 
207Pb* 
___ = (eA.235U x time of decaY)_l 
23SU 
A.238U =The decay constant of 238U = 1.55125 x 10-10 a-I 
A.235U = The decay constant of 235U = 9.8485 x 10-10 a-I 
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If the 206Pb* j238U and 207Pb* j235U ratios are determined for a range of 
ages, and the results plotted on a graph with 207Pb* j235U on the X-axis, and 
206Pb* j238U on the Y-axis, a curve is constructed, connecting all the points for 
which these isotope systems have remained closed since the time of their 
formation. This curve is known as the concordia (Wetherill, 1956) and the 
zircons whose isotopic compositions plot along the curve are described as 
concordant. 
For terrestrial samples, the 238U j235U ratio was set at a certain value at 
the formation of the Earth, and due to the differences in the half-lives of the 
two elements, this ratio llas since evolved to a value of 137.88:1 e38U: 235U) at 
the present day. Therefore, as the relative abundances of these two isotopes are 
known, the ratio of 207Pb* j206Pb* may also be used to determine the age of a 
concordant sample, according to the equation:- . 
207Pb* 1 
206Pb* = 137.88 
2:3.2 Discordant Zircon 
Loss or gain of U or Pb from zircon occurs, resulting in discordancy, 
when the isotopic composition of the crystal plots off the concordia curve. 
Such zircons are therefore referred to as discordant. 
During a thermal "event", a population of zircons will lose radiogenic 
Pb as the zircons start to exhibit open system behaviour. Different crystals, or 
portions of crystals, will undergo different degrees of Pb-Ioss, depending upon 
, 
38 Chapter 2 J.S.Dougherty-Page 
4.0Ga 
3.0 Ga Concordia----lll---
(i) 
Zero-age lead-loss from 2.0 
Ga old concordant zircons 
All lines passing through the origin 
on this graph are 207Pb/206Pb 
isochrons 
6----------------- ~Xb ------------------------B DS 
U 
1.0 
Ga 
4.0Ga 
3.0 Ga Concordia-'-~--
upper discordia intercept -
crystallization age 
lower discordia intercept -
date of metamorphism 
(H) 
The same population of 
zircons 1 Ga after the 
lead-loss event. 
4.0Ga 
~ __ I--Concordia 
(iii) 
A false discordia generated 
by variable zero-age lead 
loss from the discordant 
zircon in (ii) 
"""I'-*"",--_Geologically meaningless 
lower intercept 
207Pb ~--------------- ~U--------------
Figure 2.4 A series of diagrams illustrating the discordia method of dating. For explanation see 
text. 
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factors including their trace element content (section 2:2.4) and the degree of 
radiation damage that they have suffered (section 2:2.7). 
On the concordia diagram (figure 2.4(i)) this Pb loss will cause the U-Pb ratios 
of individual zircons or batches of zircons to be displaced from the concordia 
(at A) and to plot towards the origin at B (where zircons which are completely 
re-set will plot) along a 207Pb/ 206Pb isochron (as all of the zircons have the 
same age). 
Figure 2.4a(ii) shows same population of zircons 1 Ga after the "zero 
age" Pb-loss event in figure 2.4(i). The initial crystallisation age and Pb-loss 
events are now 1 Ga olaer (at 3 Ga and 1 Ga respectively) and therefore the 
U /Pb isotopic ratios of the two end-member "concordant" components A and 
B have evolved along the concordia curve to Al and BI respectively. The 
zircons which were only partially re-set in the thermal event behave as two-
component mixtures between these end-members, and plot along a chord 
, 
known as a discordia (no longer a 207Pb/ 206Pb isochron). If no concordant 
zircon is present, the intercepts of the discordia with the concordia curve may 
therefore be used to determine the original crystallisation age and the age of 
the Pb-loss event. 
However, if the zircons undergo more than one episode of Pb-Ioss, then 
dating by the discordia method may produce inaccurate, or even geologically 
meaningless results. Figure 2.4(iii), shows a situation where the discordant 
zircons from figure 2.4(ii) undergo a second period of zero-age Pb-Ioss. Again, 
lead loss results in each point being displaced along a line back towards the 
origin. If a chord is drawn through these points, a false discordia is produced, 
the upper intercept of which is older than the true crystallisation age, while 
the lower intercept is younger than the true age of the first lead loss event. 
Although the scatter of points along this line i; usually greater than for a true 
discordia, this may not be recognised if only a limited data set is available. If it 
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is suspected that the zircons have undergone more than two episodes of lead 
loss, then the 207Pb /206Pb age of the oldest sample analysed will provide a 
minimum age of the older phase, and the 207Pb /206Pb age of the youngest 
analysis will provide a maximum crystallisation age of the younger phase of 
zircon present. 
Radiation damaged, metamict material is the discordant component 
within most zircon analyses, and within most zircon populations there is a 
general correlation between the degree of discordance and the U content. Due 
to the large number of possible variables apart from the U content, this 
correlation tends to be rather poor, and U content and discordance are rarely 
correlated between separate suites of zircon (Hansen and Friderichsen, 1989). 
Therefore, as most of the error in zircon dating is due to the difficulty of 
interpreting discordant zircon, and in· uncertainty over the composition of 
"common lead" (Pb not produced by in-situ radioactive decay) which 
contaminates the samples, most dating work attempts to eliminate these 
factors as far as possible by removing metamict zircon. 
2:3.3 Daughter isotope fractionation. 
As the U decay series contain so many intermediate members, many of 
which have relatively long half-lives, it is important to note that the 
intermediate members of the decay sequence may have been out of 
equilibrium due to fractionation when the zircon crystallised. This 
disequilibrium of isotopes will result in an incorrect "age" if the effect is not 
corrected. By the time several half-lives of the intermediate daughters have 
passed, equilibrium is restored in the decay sequence, and the anomaly in the 
-
daughter isotopes is "diluted" through time as progressively more daughter 
isotopes are generated at equilibrium. Therefore, these effects are particularly 
noticeable in younger zircons. The 232Th to 208Pb decay sequence is a very 
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useful check on the U decay sequences, as its intermediate daughters all have 
comparatively short half-lives, meaning that they are unlikely to build up to 
levels where disequilibrium becomes a serious problem, and that even if they 
do become fractionated, equilibrium is quickly restored. 
In the 235U to 207Pb''' decay scheme, the most likely source of error is the 
enrichment of the daughter isotope 231pa with respect to 235U in the zircon. 
231Pa is a member of the 235U decay sequence, with a half-life of 33 thousand 
years (l1.231 = 2.116 x 10-5), thus decaying almost entirely to 207Pb within 0.5 Ma -
instantaneously on the scale of most zircon dating. The 231Pa5+ ion substitutes 
for Zr4+, resulting in an Elxcess of 207Pb''' upon the decay of the Pa. This leads to 
anomalously old 207Pb''' j235U and 207Pb''' j206Pb'" ages. A case where this has 
occurred was reported by Mortensen et al. (1992). They found high-quality 
zircon crystals in a peraluminous pegmatite which contained up to 20% excess 
"unsupported" 207Pb. The zircons gave scattered 207Pb''' j206Pb'" ages between 
233 and 961 Ma, whereas the 206Pb''' j238U ages were tightly clustered around 
the true crystallisation age of 191.3 ± 0.6 Ma. 
Figure 2.5 shows the effect of the addition of 1 ppm of 231pa to a zircon 
containing 1000 ppm of 238U (corresponding to a total of"'" 1010 ppm U at the 
present day, and"", 1200 ppm U at 4 Ga). It may be clearly seen that the effects of 
the addition of excess Pa are extremely marked in recent zircons, with an 
excess age of 1748 Ma for a zircon 100 Ma old, whereas a zircon 3700 Ma old 
gives an apparent age only 10 Ma with the same initial addition of 1 ppm of 
Pa. 
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Figure 2.5 A diagram illustrating the effect of the addition of 1 ppm of 231Pa to a zircon containing 
1000 ppm of 238U (and the appropriate quantity of 235U) through time. Quantity of radiogenic 
206Pb calculated according to the equation D* = N 0 (1 - e-At), where D* = quantity of radiogenic 
daughter; No = original quantity of parent 238U (1000 ppm); A = decay constant of 238U. Quantity 
of radiogenic 207Pb derived at equilibrium from 235U calculated from true 207Pb/ 206Pb ratio for 
each 100 Ma interval, apparent ages then calculated after 1 ppm of 207Pb was added. "Excess" age = 
apparent age - true age. 
Techniques where a full set of U and Pb isotope ratios are not available, such 
as the Kober technique (section 2:4.5) must therefore view data from zircons with 
anomalously high 207Pb/206Pb ratios with caution, and the possibility that their 
"ages" are due to an initial excess of Pa, rather than the presence of older 
xenocrystic cores, must be considered. However, the effect is rare (it has only been 
reported once), and more information on both possible mechanisms by which Pa 
may reach sufficient concentrations for the effect to become significant, and the 
distribution coefficients of Pa into zircon and other phases is required before the 
degree to which this effect must be taken into account may be fully evaluated. 
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2:3.4 Common lead corrections 
With the V-Pb and Pb-Pb methods of dating, it is important that Pb not 
produced by radioactive decay within the sample, referred to as common lead, 
is either removed prior to analysis, or corrected for (figure 2.6). Due to the 
decay of V and Th, the composition of common lead has evolved through 
time. Various attempts have been made to define the isotopic evolution of 
common Pb, using the isotopic compositions of galena (PbS) from ore deposits 
of known age (galena contains no V, and thus its Pb isotopic composition is 
fixed at the time that the galena crystallises). Of the various models proposed 
(see G. Faure, 1986 for a-more complete list), the most commonly used (and 
applied in this thesis) is the "two-stage Pb evolution model" of Stacey and 
Kramers (1975). 
Within a zircon analysis, common lead is supplied from two sources, 
the sample and laboratory contamination. Where possible, the proportion of 
common lead due to laboratory contamination (modern common lead) is 
determined by running through the full procedure without any zircon 
present, to give the "total procedure blank" that may be expected. Common 
lead is also present in the sample itse!f. This Pb has either been held in the 
lattice of the zircon crystal since the time of its crystallisation, generally an 
extremely small component, estimated at ~ 10 parts per billion (Compston et 
al. 1992), or on the surface and within cracks of the zircon crystals in the 
sample. Lead held in this latter way is often the largest component of common 
lead in the analysis, and is the hardest to correct for, as it may have been 
introduced at any time since the formation of the crystal. It is, however, the 
easiest to remove by cleaning procedures. If this Pb component cannot be 
eliminated, common Pb corrections are often made using the whole rock Pb 
isotopic composition of the zircon's host rock. 
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Figure 2.6 A series of diagrams illustrating common Pb corrections to the 207Pb/ 206Pb ratio. (A) 
207Pb/ 206Pb vs 204Pb/ 206Pb diagram, to show that failing to make a common Pb correction results 
in an over-estimation of the 207Pb/ 206pb ratio, and differences between corrections for modern and 
ancient common Pb. (B) Difference between corrected and uncorrected 207Pb/ 206Pb ages as a 
function of age (the age of the common Pb = the uncorrected age). (C) Difference between corrected 
and uncorrected 207Pb/ 206pb ages as a function of 204Pb/ 206Pb 
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However, whole rock systematics are comparatively easy to alter, and 
making this correction assumes that the common Pb content of the zircon was 
open to the same possible alterations up until the time of analysis, which is 
probable if this Pb is held within cracks. Alternatively, the assumption may be 
made that the common Pb was incorporated in the zircon at the time that the 
host rock crystallized, and thereafter remained closed to further alteration, 
which may be the case if the common Pb is held within inclusions within 
zircon crystals, and within the zircon crystal lattice itself. In this instance, the 
Pb isotopic composition of a phase such as feldspar (which contains Pb but no 
U, and thus records the initial Pb isotopic composition of the rock) is used to 
make the common Pb correction. 
Once the relative proportions of contamination due to ancient and 
modern common lead have been determined, the common lead correction is 
made. This is achieved by subtracting the common 206Pb and 207Pb from the 
raw data. The quantity of material to subtract is generally determined by the 
amount of 204Pb present in the analysis. 204Pb is present in common lead, but 
is not produced by the decay of either U or Th. Therefore, the proportion of 
204Pb, usually expressed as the 206Pb/204Pb ratio, is a measure of the quantity of 
common lead present. In order to correct for common lead, first the 
composition of common lead is determined from the Stacey and Kramers 
(1975) curve, and then the quantity of common lead necessary to reduce the 
204Pb content (and hence the common lead) of the sample to zero is subtracted 
from the raw data, according to the equation:-
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Where the subscript m denotes measured value, and the subscript t 
denotes common lead values at time t (Cocherie et al. 1992). 
Figure 2.6a demonstrates this common Pb correction by subtraction of 
non-radiogenic 206Pb and 207Pb from the analysed composition on the basis of 
204Pb content. From this diagram, it may be seen that correcting to "ancient" 
common lead compositions results in a higher 207Pb /206Pb common Pb 
corrected age than if the correction is made to modern common Pb. Therefore 
inaccuracy in the determination of common Pb composition will result in an 
error in the common lead corrected age. However, this effect is comparatively 
small (= 0.1%) and decreases with decreasing common Pb content. Failing to 
make a common Pb correction has a far larger effect, resulting in an 
overestimate of the age of the zircon. Due to the shape of the common Pb 
evolution curve (and the fact that younger zircons have lower 207Pb/ 2o6Pb 
ratios) the over-estimation of age if common Pb is not corrected for (for the 
same level of common Pb contamination) increases as the age 6f the zircons 
decreases (figure 2.6b). Obviously, the over-estimation of true age due to 
uncorrected common Pb is proportional to the common Pb content, and figure 
2.6c shows this relationship for an uncorrected 207Pb/206Pb age of 3.0 Ga. For 
low blank Pb analyses, the 206Pb/ 204Pb ratio is often greater than 10,000. If only 
small amounts of lead are being analysed, this can mean that 204Pb is close to 
background levels, and therefore cannot be precisely analysed. It is often 
quoted in published papers that 206Pb/ 204Pb was >10,000, and therefore no 
common Pb correction is necessary (eg. Fryer et al. 1993). However, figure 2.6c 
shows that this may result in an over-estimation of the true age by up to 0.28% 
at 3.0 Ga, (increasing for younger zircons). This overestimate of the age may be 
larger than the quoted error. 
In order to reduce this possible error due to the very small amounts of 
204Pb present when only small amounts of zircon are analysed, an alternative 
system of common Pb correction is possible, using the Th/U and 208Pb /206Pb 
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ratios (Compston et al. 1992). If the zircon has had closed system behaviour, 
then the 208Pb/ 2o6Pb ratio and the Th/U will be correlated. As 20SPb is much 
more abundant than 204Pb, it may be much more accurately measured .. 
Concordant zircons will plot along a line defined by the equation:-
20SPb* 232Th «eA.232Th X time of deCaY)_l) 
206Pb * = 23SU X (eA. Z38U x time of decaY)_l 
The distance the total 208Pb/ 2o6Pb lies above this line is a measure of the 
amount of common lead in the sample. Should the 208Pb /206Pb plot below this 
line, then the Th/U ratio has been altered at some point, and the method is 
not applicable. 
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2:4 U-Pb AND Pb-Pb ZIRCON DATING TECHNIQUES 
There are three methods of dating zircon currently widely in use; 
dissolution, followed by chemical separation of U and Pb, and thermal 
ionisation solid source mass spectroscopy; Sensitive High Resolution Ion 
MicroProbe (SHRIMP) dating of small portions of individual grains, and Pb-Pb 
dating using direct thermal ionisation of whole zircon grains (the Kober 
technique). 
2:4.1 Sample selection and preparation for zircon dating 
Although zircon is an almost ubiquitous phase in crustal rocks,it rarely 
reaches modal abundances greater than 0.5%. Therefore, complex 
concentration procedures are necessary. The hardness and density of zircon are 
exploited in most techniques. for its extraction. After the rock has been ground 
to individual grains, lighter minerals are removed in a two-stage floatation 
process (see appendix B for method) using overflow type centrifuges which 
were built for this project. The first stage is carried out in a very large capacity 
(4.5 litre) centrifuge, using sodium polytungstate solution (specific gravity 2.8), 
and the second stage is carried out using methyl iodide (specific gravity 3.3) in 
a small (400 cc) centrifuge. The residual dense separate is then passed through 
a Frantz magnetic separator to remove magnetic minerals. As discussed in 
section 2:2.7, metamict zircons are more likely to show discordant behaviour 
than pristine crystals. Therefore, the precision of the analysis is improved if 
such material is separated and discarded. The separation of metamict zircon 
ma y be achieved by several techniques. 
Metamict zircon is less dense than pure zircon (pure zircon has a 
density of 4.66, metamict zircon often has a density as low as 3.9), so separation 
in an extremely dense liquid is a possible first step in eliminating the 
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metamict component. The main problem with this method of separation is 
that most very dense liquids, such as Clerici's solution, are extremely toxic, 
and they also contain Pb, thus adding to the procedural blank. Therefore this 
stage is best avoided. 
Metamict zircon is considerably softer than non-metamict zircon. To 
exploit this, Krogh (1982a), devised an apparatus in which zircons are mixed 
with pyrite and agitated in a current of compressed air. The result of this air 
abrasion is to remove the softer, metamict and discordant crystals and rims. 
Metamictisation also involves a volume increase, so if there are any crystals 
with metamict interiors ... the outer layers will tend to be cracked and 
weakened, and thus these grains are also destroyed, and removed by the 
abrasion process. A further use of the abrasion technique is that rims of later 
over growth may be removed from xenocrystic cores, enabling the cores to be 
dated accurately by conventional dissolution techniques. 
Aleinikoff et al. (1990) published details of a modified air abrasion 
device, which allowed collection of fragments of "rim" material for dating. 
The usefulness of this technique is rather doubtful, as the fragments of 
overgrowth will be contaminated with; fragments of metamict, discordant, 
material; material from the cores of any xenocrystal grains which have been 
broken; and material from around cracks, rich in common lead. In a situation 
where a population of zircons with obvious cores and rims is to be dated, the 
best course of action is to abrade the material with visible cores, which are 
then released for dissolution, and to carefully pick out core-free grains which 
formed at the time of the crystallisation of the rims, to allow the dating of this 
event. A further point to note is that following abrasion, the degree of 
concordancy is very poorly correlated with V-content, so it appears that only 
near-surface V is involved in the usual correlation of discordance and U 
content (Krogh, 1982a). 
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Krogh (1982b) also noted that iron oxides and hydroxides were 
commonly deposited within metamict zircon, which has an expanded, spongy 
texture. Neither Fe2+ nor Fe3+ is easily accommodated within the lattice of 
zircon, so the iron content and the degree of metamictisation are commonly 
well correlated. Krogh designed an electromagnetic grid which creates an 
extremely intense magnetic field, and is capable of processing large quantities 
of samples quickly, retaining any magnetic grains. To process smaller samples, 
the same effect can be obtained by placing the sample in a dish over a strong 
magnet. The zircons are then touched with a soft iron wire point attached to a 
bar magnet of opposite polarity to the one under the dish. Only the least 
magnetic zircons will not be moved by the intense field generated at the tip of 
the pointer. 
.. 
Air abrasion, combined with magnetic separation, should be capable of 
eliminating 90 to 100% of the discordance of a zircon sample, and most of the 
common lead. 
For multi-zircon analyses in which the zircons are expected to be 
discordant, it is usual to dissolve fractions of the population of zircon, with 
the individual fractions selected on criteria related to the degree. of 
discordance, such as magnetic susceptibility or size. This ensures that they are 
well spaced along the discordia, and so facilitates accurate estimates of the 
upper and lower intercept dates. For single zircon dating (using any 
technique), the zircons are usually selected on the grounds that they are likely 
to be concordant (clear, crack and inclusion free crystals with low magnetic 
susceptibility). 
When looking at detrital zircons of varied provenance, the population 
from the sediment is split into groups, based on factors such as colour, length 
to width ratio, REE profiles or the most common sub-populations of habit for 
any given grain size, according to the Pupin classification scheme. This 
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minimises the number of analyses which have to be carried out, and validates 
the use of multi-grain dissolutions within heterogeneous populations. 
2:4.2 Dissoluti~n, followed by isotope dilution and thermal ionisation 
mass spectrometry. 
In this technique the zircon is dissolved in HF and HN03 in a teflon 
dissolution vessel at temperatures of up to 220°C. There are various 
dissolution vessels in common use, most of which are based on a design by 
Krogh (1973). Of the refinements suggested to this design, perhaps the most 
significant is the use of "micro-capsules" within a larger dissolution vessel 
(Parrish, 1987), which allows very high temperature (and thus short 
dissolution time) low-blank analyses on small quantities of zircon. Once the 
zircon has been dissolved, U and Pb are separated by column chromatography, 
and analysed by thermal ionisation mass spectrometry. Mass fractionatiop 
within the mass spectrometer may be corrected by comparison with 
internationally available standards, such as NBS 981 or NBS 983, and these 
standards also allow different laboratories to corroborate each others' data. At 
the start of the dissolution process, a known quantity of "spike" solutions of Pb 
and U (solution sufficiently isotopically different to the sample to be easily 
recognised in the final analysis) is introduced. By comparison between the 
known concentration of Pb in the spike and the Pb from the zircon, the 
concentration of Pb in the zircon may be determined to high precision. With 
the micro-capsule dissolution technique, routine blank levels in the order of 
10-50 pg of Pb before corrections for reagents and loading (Roddick et al. 1987), 
and :5; 5 pg of Pb after correction for reagents and loading (Parrish, 1987), on 
~ 
sample sizes ranging from several hundred grains (several mg) down to 
fragments of a single grain (>0.05 mg~ eg Scharer and Allegre, 1985). The 
precision of these analyses is :5; 0.1 % (1 0' errors) for samples which supply 1 ng 
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of Pb, falling to ± 1% on samples which supply 300 pg (the amount of Pb 
depends on the size, age, and initial U content of the zircons). 
Obviously, the more U and Pb that is present in the zircon dissolved, 
the more precise the analysis will be, suggesting that the most accurate ages 
should be obtained from dissolutions of large numbers of zircons. However, 
zircon populations (and often individual zircons) are frequently extremely 
heterogeneous in terms of their ages, and picking hundreds (several mg) of 
zircons of a single age component is rarely either possible or practical. 
Therefore, it is desirable that only very small quantities of carefully selected 
zircon are analysed to avoid mixing different age components of the zircon 
population, using only very small quantities of reagents (thus with very low 
levels of laboratory contamination). 
Using dissolution techniques, combined with Krogh's selection 
procedures, extremely precise dates may be determined. U aI1d Pb isotope 
ratios allow disequilibrium corrections, and strong constraints may be placed 
on the sources of common Pb. The technique is capable of providing dates 
with a precision of $; 0.1% on zircons ranging from only 10 Ma old to early 
Archaean zircons, and sample sizes ranging from hundreds of crystals down to 
fragments of a single grain. 
2:4.3 The Sensitive High ResoI uti on Ion MicroProbe (SHRIMP) 
The technique, as described in Compston et al. (1992) is as follows. 
Selected zircons are mounted on thin sections in epoxy resin, along with 
fragments of "standard zircons" of known age (standards are selected which 
are close to the presumed age of the sample) and polished down until the 
zircons are cross-sectioned. The sample is then cleaned, photographed, and 
gold coated for maximum surface conductivity. Selected sites are then ablated 
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with a beam of oxygen ions, creating a pit 20-30 Jlm in diameter, most of the 
material from which is totally ionised, and which may then be analysed for 
the isotopes of U, Pb and Th. SHRIMP is the only zircon dating technique in 
whi~h Th is routinely analysed, allowing Th/U - 208Pb /206Pb common Pb 
corrections. The total weight of the analysed sample is less than 10 ng, more 
than three orders of magnitude less than for a typical single zircon dissolution 
analysis. The mass spectrometer scans through Zr20+, Pb isotopes, 238U+, ThO+, 
and UO+. A problem unique to SHRIMP analyses is the presence of hydrides, 
which are generated by the bonding of H+ in the ion beam and Pb from the 
sample. This creates ions such as (206Pb1H+)+, which are then misinterpreted as 
207Pb+ ions, resulting in-an error in the 207Pb /206Pb ages recorded. The 
precautions taken against this effect include a mass filter in the primary beam, 
and a very high vacuum at the sample. The raw data obtained on samples are 
then processed by first correcting for common Pb, and then determining the 
best-fit "calibration curve" relating Pb+ /U+ and UO+ /U+ for the sample wit-!l 
the standard. Thus the accuracy of the analysis is determined by the 
reproducibility of data from the standard, and the precision to which the 
composition of the standard is known. Revisions of the ratios given by 
standards caused the age of 3,930 ± 10 Ma obtained on Mount Somes in 
Antarctica by Black et al. (1986), then the oldest date obtained on a terrestrial 
rock, to be revised down to 3,870 ± 10 Ma (Bowring et al. 1989). 
A common Pb blank is introduced into SHRIMP analyses as the sample 
is polished and etched. Common Pb, either from the ground up portion of the 
zircon, or from the etching and grinding reagents, is smeared across the 
surface, to be vaporised along with the sample. This may partly explain the 
concentration of common lead in cracks in zircon which is normally seen by 
SHRIMP. The common Pb correction in SHRIMP analyses is performed using 
the 208Pb/ 206Pb vs. Th/U technique described ·in section 2:3.4, expressed as 
"percentage of 206Pb which is common Pb". 'Typical common Pb percentages 
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are = 0.65 % (taken from the average of 84 analyses published in Compston et 
al. 1992), corresponding to a 206Pb/ 2o4Pb ratio of = 3,000 (the 206Pb/2o4Pb ratio 
calculated from percentage of common Pb depends on the age of common Pb 
used in the calculation). Natural 206Pb / 204Pb ratios in unaltered zircon are 
many tens of thousands to one (Corfu and Davis, 1991), so the lower ratios 
obtained by SHRIMP indicate the presence of a considerable amount of 
common Pb, the age of which cannot be determined and must be estimated. 
The common Pb correction usually performed on SHRIMP analyses uses the 
common Pb composition corresponding to the 206Pb / 238U age of the zircon. 
This practice has been questioned by some authors (Corfu and Davis, 1991) 
who regard modern common Pb as the most likely contaminant. However, 
the effect is generally small, with possible errors of = 0.1%, and these errors 
decrease on samples which contain below average concentrations of common 
Pb. 
The errors on individual analyses by SHRIM:P are higher, at = ± 1%, 
than for conventional dissolution techniques (± 0.1%). However, the precision 
of analysis may be improved by repeated analysis of the sample, and errors of = 
± 0.1% may be achieved in this way. 
SHRIMP dating analyses very small amounts of material, and therefore 
the technique works best on ancient zircons with reasonably high U contents 
(which therefore also contain large amounts of radiogenic Pb) but due to the 
extremely high U contents of some young zircons in S-type granites, SHRIMP 
dating may even be applied to samples as young as a few tens of millions of 
years (eg Zeitler and Chamberlain, 1991). 
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2:4.4 Laser Probe - Inductively Coupled Plasma Mass Spectrometry 
(LP-ICPMS) 
Recently, a technique has been developed (Fryer et al. 1993; Feng et al. 
1993) in which 20 to 80 !lm pits are ablated in zircons by laser, and the ions 
released are analysed in an Inductively Coupled Plasma Mass Spectrometer 
(ICPMS). Although the technique is still in its developmental stages, zircons 
have been analysed with precisions of ± 1 %, and the results agree closely with 
dates on the same zircons obtained by conventional techniques. Zircons from 
the Otto Stock, previously dated at 2680 ± 1 Ma by dissolution have been dated 
by LP-ICPMS at 2,686 ± 8 Ma (Fryer et al. 1993), identical within error, and 
clearly demonstrating the potential of the technique. Problems with 
constraining inter-element fractionation between U, Th and Pb have meant 
that as yet, the dates are determined solely by the 207Pb/ 206Pb method of dating. 
The technique has a significant advantage over SHRIMP, in that the surface of 
the sample may be cleaned by low-energy laser ablation before data acquisition 
commences, and therefore there is a low potential for common lead 
contamination of the sample. However, unlike SHRIMP, the common Pb 
correction has to be performed using the 206Pb / 204Pb ratio, and the large 
inaccuracies in the measurement of (close to background) 204Pb will result in 
inaccuracies in the calculated age. Due to the small quantities of Pb analysed, 
the threshold 206Pb/204Pb ratio below which 204Pb may no longer be detected is 
"" 10,000 with this technique, and it is not sufficient (as Fryer al. stated) to 
simply state that "no common lead was detected (the 206Pb/ 204Pb ratio was 
> 10,000), and therefore no common Pb correction was made" as this may 
potentially overestimate the age by up to :== 0.3 % (figure 2.6c). It is interesting 
to note that this potential over-estimation is close to the difference (0.22 %) 
between the conventional and LP-ICPMS results on the Otto Stock zircons 
(discounting the error bars). 
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With refinement, this technique should prove to be a very powerful 
analytical tool in zircon geochronology, potentially equal to the resolution of 
SHRIMP in the study of zircons with complex crystallisation histories. 
Important factors to in favour of the technique are that the required 
machinery is comparatively (to SHRIMP) cheap, no complex ultra-clean 
chemical procedures are required (unlike conventional dissolution) and the 
analysis is very fast, the date on the Otto Stock zircons being obtained in just 2 
hours of machine time. 
2:4.5 Zircon crimping - the Kober technique. 
Photograph 2.1 A single zircon crystal folded into an evaporation filament. Width of zircon 
crystal ", 0.2 mm. 
This technique of zircon geochronology is based on the analysis of Pb 
isotopes emitted by direct thermal ionisation of zircons, to give a Pb-Pb age. 
This technique was first attempted, using ground zircon on single filaments , 
as early as 1965 (Kosztolanyi). Gentry et al. (1982) developed an improved 
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technique - crimping entire zircon crystals within filaments. However, single 
filaments result in very poor ionisation, with resultant weak and unstable 
beams. Kober (1986) improved both the strength and stability of the beam of Pb 
ions, using a double filament technique, in which ionisation of material 
emitted from the. evaporation filament is ensured with a very hot (::=2000·C) 
ionisation filament, adjacent to the evaporation filament. 
Heating of the zircon causes it to break down into baddeleyite and silica, 
in the reaction: 
(Ansdell and Kyser, 1993; Chapman & Roddick, 1994). This reaction starts at 
the rim of the crystal and works its way into the core. The baddeleyite remains 
within the filament, pseudomorphing the original zircon crystal, and the silica 
is emitted with the Pb ions. If this material is deposited on a (cold) ionisation 
filament, then it forms an emitter compound capable of giving extremely 
stable Pb beams of long duration, allowing very precise analyses to be made. 
The emitter compound, probably PbHfSiOs, has Pb retention and ionisation 
properties very similar to those of the Si-gel method of Pb loading (Kober, 
1987). Therefore, although the samples cannot be spiked, they can be run 
against international standards, (the standard used in this thesis was NBS 983, 
loaded in 2 III silica gel and 1 III phosphoric acid) in order to confirm the 
accuracy of the analysis, and to constrain the effects of mass fractionation 
wi thin the mass spectrometer. 
The technique has been applied in this thesis, on a Finnegan-MAT 261 
mass spectrometer, equipped with faraday cups and a Secondary Electron 
~ 
Multiplier (SEM). The samples were either run dynamically at low beam 
intensities, (in dynamic analyses the four Pb isotope beams are alternately 
. .  
targeted into the SEM) or if the beam was sufficiently intense, then the sample 
was analysed statically. In static dat~ collection, the smallest beam of ions (the 
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204Pb beam) is collected in the SEM, while the 206Pb, 207Pb and 208Pb are 
collected in the faraday Cups. This technique is several times faster than 
dynamic running, and allows very precise measurement of sub-nanogram 
levels of Pb (Roddick et al. 1987). 
2:4.5a Procedure for the Kober Technique. 
The zircon is loaded onto a de-gassed rhenium (Re) filament, which is 
then wrapped as tightly as possible around the crystal (as in photograph 2.1 ) to 
ensure even heating (see appendix B for the method). Only a small aperture is 
left, directly facing the ionisation filament, also of de-gassed Re. The filaments 
used in this study were 0.7 mm wide (the same width used by Kober). Kroner 
and Todt (1988) however, recommend 1 mm wide filaments, as these are 
capable of catching more of the emittet compound as it is released from the 
evaporation filament, especially if the evaporation filament twists when it is 
heated, and filaments 2mm wide have been used (ChapmaI1 & Roddick, 
1994». However, although the wider filaments are capable of retaining more 
of the emitter compound, they have a larger source area than smaller 
filaments, and this results in less well focused beams. Also, the wider 
filaments have lower resistance, and thus have to be run at higher currents to 
attain the same temperatures. When an attempt to run 2mm wide filaments 
was made in this study, it was found that in order to attain temperatures at 
which the emitter compound gives the strongest, most stable beam of ions 
(1260 to 1275°C), the filament current had to be turned up to the upper limits 
within which the filament temperature was stable, and that even the 
maximum current (8 amps) only raised the temperature of the filament to 
1600°C, too low to ensure that. the filament is fully "cleaned" between 
deposition cycles. 
After the filaments are loaded into the mass spectrometer, the 
ionisation filament is turned up to 2000°C, and then the evaporation filament 
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is slowly heated up to 1350 to 1380°C to "condition" the zircon by removing 
common lead. At these temperatures, the breakdown of zircon to baddeleyite 
is relatively slow, and the first material to be lost from the crystal is that held 
on the crystal surface, or within metamict zircon. Metamict zircon is often a 
fine intergrowth of silica glass and baddeleyite (McLaren et al. 1990), and this 
silica and the associated Pb is lost very rapidly during the "conditioning" 
process. The reaction also propagates along any cracks within the zircon 
crystal, and therefore zircons with cracks are not selected, as step heating of 
such crystals will not give a true series of analyses from the rim to the core. 
The duration of conditioning varies with the size and quality of the crystal, 
and where possible is determined by the 206Pb /204Pb ratio of the Pb emitted 
during the process. Once the 206Pb /204Pb ratio has risen to 5,000 or so, the vast 
majority of the remaining Pb should be radiogenic 208Pb*, 207Pb* and 206Pb*, 
produced within the crystal lattice and the conditioning is assumed to be 
complete. 
This radiogenic Pb is held in high activation energy Zr4+ sites within the 
lattice of zircon (section 2:2.5). Numerous studies (see section 2:2.6) have 
shown that the U-Pb systematics of high quality zircon crystals are retained 
through processes ranging from weathering to the partial melting of the rocks 
containing the zircons, to diamond pressure metamorphism. Therefore, it 
may be assumed that the Pb emitted following conditioning is concordant. 
This assumption of concordancy is the basis of the analysis. 
Two situations whe!e this assumption of concordancy is not valid have 
been recorded. In the first of these, a SHRIMP study identified zircons which 
contained unsupported radiogenic Pb (Williams et al. 1984). These zircons had 
" 
concentrations of radiogenic Pb up to 50% higher than could have been 
produced by decay since the time that the zirc;on crystallised. This "reverse 
discordance" was caused by a gain of radiogenic Pb during a metamorphic 
event when portions of the crystal gained the Pb lost by other portions of the 
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same crystal. Unfortunately, as SHRIMP works by totally ionizing a small pit, 
it is impossible to say whether this Pb was actually held within the crystal 
lattice of zircon and would therefore have been analysed by the Kober 
technique as radiogenic Pb. A study by McLaren (1990) revealed that annealing 
of metamict zircon in a thermal event will result in the formation of silica 
glass, either exsolved from re crystallised zircon, or inter grown with zircon or 
baddeleyite. Silica glass is capable of holding very large quantities of Pb, and it 
could therefore be speculated that the reverse discordance was caused by silica 
glass which absorbed radiogenic Pb during the metamorphic event. The 
second situation where the assumption of concordancy is not valid is where 
there was a strong initial disequilibrium in the U and Th to Pb decay schemes 
as the zircon crystallised, and the crystal was depleted in 230Th, or enriched in 
231Pa (See section 2:3.3 on daughter isotope fractionation). Data from only one 
zircon obtained by the Kober technique should therefore be viewed with 
caution, as the U-Pb systematics of the crystal analysed mC\y have been 
disturbed. However, the recorded instances of non-concordancy all affect 
different crystals, and even different domains within those crystals, to 
different degrees. This will cause scatter in the data from more than one 
crystal, and therefore where the data from several crystals are in agreement, 
the assumption of concordancy is taken to be valid. Furthermore, daughter 
isotope fractionation will also be reflected by unusual Th/U ratios, and 
therefore unusual 208Pb/ 2o6Pb ratios, which serve to warn of the possibility of 
non-concordancy. Therefore, although the Kober technique analyses single 
zircons, it should not be regarded as a single-zircon dating technique, but 
rather as a multiple-zircon dating technique in which the zircons are dated 
one at a time. 
The extremely small concentrations of common lead present after 
conditioning is complete are assumed to have been held within the Zr4+ sites 
of the crystal lattice, and thus must have been present since the zircon 
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crystallised .. This knowledge of the age of common lead removes a source of 
potential uncertainty in zircon analysis. It is advisable to use the cleaning 
procedures conventional in dissolution analysis on zircons to be analysed by 
the, Kober technique, as although it makes no difference to the final result, 
cleaning the zircons both shortens the conditioning time, and avoids the 
possibility of contaminating other samples in the magazine which do not 
undergo a conditioning process (such as lead standards) with common lead. 
After the conditioning is completed, the ionisation filament is turned 
off, and the evaporation filament turned up to the first deposition 
temperature, usually in_the range 1400 to 1410°C, and allowed to deposit 
material for up to 10 minutes, the exact duration of the deposition depending 
on the size of the zircon. After this deposition cycle, the evaporation filament 
is turned off, and the ionisation filament is slowly turned up to 1260 to 
1275°C, when, if there is sufficient Pb present, a Pb beam is produced, which 
may then be analysed either statically or dynamically, depending on it's 
intensity. After the beam intensity has dropped below acceptable levels, the 
filaments are cleaned of any residual material by returning them to their 
conditioning temperatures. The deposition cycle is repeated, at a temperature 2 
to 10°C higher. This incremental heating is continued until no more Pb is left 
in the zircon, which is generally after 15 to 20 heating steps for a 0.3 mm zircon 
crystal. 
In this thesis, common lead corrected 207Pb* /206Pb* ages are calculated 
on sets of 10 Pb isotope ,ratios taken from each heating step using the 204Pb 
correction described in section 2:3.4, and these common Pb corrected ages are 
then used to calculate the true age of the zircon (see section 2:4.5b). 
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Heating Step 
Reaction fronts of the breakdown of zircon 
to baddeJeyite during each heating step 
Figure 2.7 A schematic zircon crystal with a core and later rim. This diagram illustrates how 
material from the core and the rim may be rnixed as the reaction front of the breakdown of zircon 
to baddeJeyi te progresses through the crystal in a number of heating steps. 
The reason for incremental heating, rather than simply depositing all 
the Pb from the crystal in one prolonged deposition cycle, is that Giifferent parts 
of the zircon may have crystallised at different times, resulting in a single 
zircon crystal with a core and rim (figure 2.7). As the zircon to baddeleyite 
reaction front progresses through such a crystal, the Pb deposited on the 
ionisation filament may incorporate material derived from both the core and 
the rim (heating cycles 3 to 6 in figure 2.7), resulting in mixed ages (figure 2.8), 
intermediate between the true ages of the core and the rim. Therefore, where 
few da ta are a vailable, the ages produced by the Kober technique should be 
regarded as min imum ages, as the possibility exists that the age recorded 
represents mixing between older and younger components. To constrain the 
true crystallisation age, it is desirable to select single phase zircons which give 
uniform 207Pb* /206Pb* throughout the stepped heating, indicating that they 
onl y contain one age component. If these zircons are rare, or unavailable, the 
core (lge may be constrained by the maximum ages obtained from zircons 
which do show a suite of mixed ages, but in which the older component was 
larger, so that the 207Pb* /206Pb* ratios produced by the final few heating steps 
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stabilise at a certain value, and produce a clustered set of ages. Analysis by the 
Kober technique should therefore always seek to maximise the number of 
heating steps through a crystal, in a trade-off between beam intensity (as 
shorter deposition cycles will result in less intense beams) and resolution of 
zoning. Thus the" exact times and temperatures of deposition cycles will vary, 
depending on the size, quality and zonation of the crystal to be analysed. 
Where the zircons analysed are very small, it may be necessary to place 
several zircons on a filament in order to increase the beam intensity and 
number of heating steps which may be made. This is of particular importance 
if the zircons are suspected to contain more than one phase of zircon. In this 
instance, single zircons would be consumed within a very few heating steps, 
resulting in meaningless, low resolution mixed ages intermediate between the 
two true ages. If several zircons are placed on the filament, the duration of the 
heating cycle may be decreased (and thus the number of heating steps may be 
increased) allowing the true age of at least the volumetrically larger age 
component within the zircons to be resolved with greater accuracy. This age 
component should be discernible in data from several filaments, confirming it 
is not an artificial effect produced by the proportion of crystals of various ages 
present, as the proportions of crystals of various ages are likely to vary between 
filaments. However, although loading multiple zircons onto filaments is 
capable of producing moderately well constrained data, it should be regarded 
as a "last resort", only used where single zircon analyses have failed to 
produce a well defined crystallisation age. 
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Figure 2.8 A schematic graph of age vs. heating step for the zircon in figure 2.7, illustrating that 
heating steps 3 to 6 give mixed ages, intermediate between the true ages of the core and rim of 
the zircon. 
2:4.5b Graphical representation of data and detennination of ages 
and errors with the Kober Technique. 
Common Pb corrected ages calculated from individual heating steps 
will give 207Pb* /206Pb* ages with an internal error of less than one million 
years (see figure 2.11). However, this "age" may merely represent a point on a 
mixing line between different age components within the crystal. Therefore, a 
system of filtering the data to find these endpoints is required. 
There are three main variables that determine the reliability of the data 
produced by the Kober technique. The first of these is the reproducibility of the 
data, and this is the basis of age calculation and graphical representation of 
data used by Kober, who determined the age of the sample from frequency 
histograms of sets of 207Pb* /206Pb* ratios where the corresponding 206Pb/ 204Pb 
ratio is greater than 5,000. In this case, the most frequently occurring age is 
regarded as the true age of the sample. The second variable is the precision of 
the analysis, related to beam intensity, a good indicator of which is the one 
standard error on the 207Pb/ 206Pb ratio for each given set of 10 ratios. However, 
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the fact that a beam is intense, and producing data with small errors, is no 
guarantee that the 207Pb* /206Pb* ratio recorded is not a mixed age between two 
components of the zircon crystal. The third variable is the "purity" of the 
zircon analysed, recorded by the 206Pb/ 2o4Pb ratio. Usually in a Kober analysis, 
data from heating steps which give a 206Pb/2o4Pb ratio above 5,000 are regarded 
as coming from "pure" zircon, and are used with equal weighting in the 
construction of frequency histograms. However, 206Pb/ 2o4Pb ratios in zircons 
may exceed 100,000, and simply declaring that above a cut-off value zircon is 
deemed to be "pure" ignores the fact that some phases of zircon are 
demonstrably purer than others, and the possible reasons for this. 
Zoned crystals will obviously contain contacts between crystal domains 
of different ages, and the disruption to the crystal lattice in these contact 
regions means that they are capable of holding more common lead than the 
lattice of unzoned, single-phase crystals, which contain very low 
concentrations of common lead. Heating steps which contain Pb from more 
than one crystal domain will therefore tend to have lower 206Pb/ 2o4Pb ratios 
than those from a single domain. 
It is therefore proposed that the accuracy of the dating of a sample may 
be improved by the use of a reliability index. The reliability index proposed in 
this study divides the 206Pb / 204Pb ratio (a measure of the "purity" of the 
zircon) by 1 standard error in the 207Pb/206Pb ratio (a measure of the precision 
of the analysis) 
Reliability Index = calculated for each heating step 
1 std error in 
Common Pb corrected ages and reliability indices are calculated for each 
heating step. For an ideal single-stage population of zircons, this produces a 
single, well defined peak on a graph of reliability index vs age (figure 2.9). The 
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age of the sample is then calculated as a weighted average using the equation 
below: 
L( Age x Index) 
Weighted Average Age = "'( ) 
L. Index for all the heating 
intervals. 
t 
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x Common Pb corrected 207Pb/206Pb age on a single heating step 
Figure 2.9 A graph of reliability index vs. 207 Pb /206pb age for an idealised single-age 
population of zircons. 
The error on the weighted average age is then determined by taking 1 
standard deviation of the unweighted data, as taking a standard deviation on 
the weighted data would effectively be increasing the number of analyses 
upon which a standard deviation is calculated, which is not justifiable. 
For zircons with a two stage history, such as those in figure 2.7 and 2.8, 
two peaks are generated on a graph of reliability index vs age, one at the date of 
crystallisation of the core of the zircon, and one at the date of crystallisation of 
the rim (figure 2.10). Intermediate mixed ages between these two peaks contain 
larger amounts ()f common lead, and thus have lower values of the reliability 
index. Note that the peaks are skewed towards the age of the other component 
that they are mixed with. However, although figure 2.10a allows easier visual 
interpretation of the data than the frequency graph used by Kober (figure 
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2.10b), the curve drawn over the data is just a freehand sketch, with no 
statistical significance. The reliability index is therefore used to "weight" the 
age frequency data such that the heating steps which resulted in the high 
reliability points in figure 2.10a, which each have a reliability index of 6, are 
counted as six points each, and so on. By summing the reliability indexes of all 
the points (heating steps) within each age interval, a weighted frequency graph 
may be constructed. Figure 2.10c is a weighted frequency graph of the same 
information displayed in figures 2.10a and 2.10b. The weighted frequency 
graph has advantages over both the frequency graph (figure 2.10b), in that it 
allows easier visual interpretation of the data; and over the reliability index 
-graph, in that the graphical representation of the data is statistically valid. As 
the three graphs each have some useful attributes, data presented in this thesis 
will be generally displayed in all three graphs. 
The exact determination of ages and errors from multi-stage zircons is a 
far more complex statistical problem than for single stage populations, 
especially if the data set is limited. Simply taking the age of the highest 
reliability analysis ignores the possibility that this point may be erroneous -
either a mixed age with an unusually low common Pb content, or with an 
anomalous isotopic composition due to initial disequilibrium of the decay 
sequence. Therefore, if a high reliability point is to be taken as the 
crystallisation age, it must be supported by a clustering of lower reliability data, 
preferably derived from several zircons. 
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The possible errors on the age of crystallisation of the zircons can only 
be estimated. The estimate used here is based on the half-height of the least 
skewed side of the (absolute) frequency peak, which is taken as approximating 
to 1 standard deviation. The skewed side of the peak is interpreted as 
representing mixing with younger or older components, and therefore should 
not be used in the estimation of errors. 
It should be stressed that the reliability index is based on the premise 
that within individual crystals, pure phases of zircon have lower common Pb 
contents than zircon from the contact region between crystal domains. Where 
more than one crystal is -placed in the evaporation filament, there is no such 
contact region between two regions of potentially different age, and therefore 
the reliability index may not be used. 
2:4.5c Fractionation corrections with the Kober technique. 
In order to constrain the fractionation behaviour of Pb from the Kober 
emitter compound, several zircons from the clast 89-C-21 (see Chapter 3) were 
placed onto a filament, and incrementally heated, until they gave their true 
age (2875 ± 3 Ma). The remainder of the Pb they contained was deposited in a 
single deposition cycle. This Pb was then analysed at a range of temperatures 
from 1250 to 1320·C, the results for which are displayed in figure 2.11 and 
tabulated in appendix B: The usual range of temperatures over which Pb is 
analysed is 1260 to 1275·C, and within this range, the fractionation error is less 
than 0.01%, and may therefore be regarded as insignificant. Although this 
argument is circular, in that the age of the clast was originally determined by 
the Kober technique, this experiment demons'trates that the temperature at 
which Pb from a heating step is analysed, which may vary due to effects such 
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as inaccurate calibration of the pyrometer, and thickness of the Re filament 
(which will affect the thermal gradient across the filament) has a minimal effect 
on the 207Pb j206Pb age recorded for the heating step. 
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Figure 2.11 A graph to demonstrate the fractionation of lead released from the Kober emitter 
compound with temperature. Temperature of data collection is plotted against 207Pb/ 206Pb age 
for lead o f known age (2875 ± 3 Ma). Within the usual temperature range for data collection, 
frilcti ona ti on error is shown to be == 0.01 %, and may be regarded as insignificant. 
2:4.5d Application of the Kober technique 
(1) To a single stage population of crystals 
The Kober Technique was applied to a suite of previously dated zircons 
from a Northern Chinese Late Archaean granulite, supplied by Y.Huang. The 
sample, (sample number 8336), had yielded slightly discordant zircons, with an 
upper intercept to the discordia of 2492 ± 50 Ma, and a lower intercept of 800 ± 16 
M(1 (figure 2.12) . Internal errors on the analyses were in the order of ± 1°,A) 
(Y.Huang, pers. comm.). The zircons had been air-abraded, sieved into size 
fractions, and then into magnetic fractions, using a Frantz isodynamic 
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magnetic separator. For this study, the largest, least magnetic fraction (0.22-0.17 
mm, Frantz at an inclination of 150 and a pitch of 10 ) was selected as being the 
easiest to handle. Air abrasion had obscured the crystal typology of the zircons, 
but they appeared to be rounded, high S-number types on the Pupin (1980) 
classification scheme. 
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Figure 2.12 U-Pb concordia diagram for zircons from a Chinese granulite (data supplied by Y. 
Huang, pers. conun) 
Seven clear, inclusion free crystals, dark violet in colour, were selected 
and loaded onto Re filaments (six in February of 1993, one in October of 1993). 
They were then analysed in a Finnigan MAT 261, by the step heating method 
described in section 2:4.5a. Common Pb corrected ages and reliability indices 
were calculated for each heating step, according to the equations previously 
described in this chapter. Common lead corrections were made according to 
the equation in section 2:3.4, using a common Pb composition of 2,500 Ma, 
determined from the Stacey and Kramers 2-stage curve. 
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The zircon analyses form a single peak, with a near-normal age 
distribution. Figure 2.13 displays this data (tabulated in appendix B) in the 3 
methods of data presentation described in section 2:4.5b, and shownin figure 
2.10. The age of the granulite (calculated as a weighted average) is 2531. The 1 
standard deviation error on this age is ± 7.5 Ma if all the points are taken into 
consideration. However, if the low reliability point at 2503 Ma is discarded, the 
error is reduced to ± 4.5 Ma. 
This result is within error of the dissolution result, and shows the 
strength of the Kober technique when applied to a single-stage, concordant 
-
suite of zircons. Moreover, in a 7 month interval between two periods of data 
acquisition, the mass spectrometer had been baked out, the high tension unit 
changed, the computer replaced, and software had been upgraded. Despite this, 
zircon analysed in October gave an identical result to those run in February 
(see figure 2.13b), clearly demonstrating the excellent reproducibility possible 
f 
with this technique. 
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(2) To a multi-stage population of zircons 
Ideally, for rocks with a multiple-stage history of zircon growth, a larger 
than average quantity of material should be separated, and the separate phases 
picked and analysed. This would be achieved by careful hand-picking of the 
"rim" phase, where they form their own discrete crystals, with the selection 
based on typology (Pupin, 1980), colour, and lack of visible cores. Similarly the 
"core" phase may be separated on colour and typology, and then be air abraded 
to ensure that they contain no "rim" material. Dating could then be carried 
out as with the Chinese granulite detailed above. However, this separation of 
phases is not possible where more than two phases of zircon growth are 
present, or where only a small quantity of material is available for analysis. 
This was the case for the granitoid clasts analysed from Shamva (Chapter 3), 
from which the zircons proved to have complex multi-stage histories, and the 
clast size limited the material available for analysis to 2 to 5 kg, an order of 
magnitude smaller than the sample weights traditionally used in dissolution 
analysis. 
The results from clast 89-5-14, displayed in figure 2.14, provide an 
excellent example of the constraints which may be placed upon the chronology 
of a small, complex population of crystals using the Kober technique. There 
were two phases of zircon present, which could easily be distinguished on 
grounds of colour and typology (see chapter 3:2.4c). The younger generation of 
zircons give a broad abundance peak, centred on 2,800 Ma (figure 2.14b), with 
low reliability indices. The low reliability index of this data is due to the fact 
that the zircons were small, and therefore only gave very small quantities of 
Pb for each deposition cycle. The older phase of crystals were commonly 
contained as cores within thin rims of younger zircon, and even where such 
rims were not apparent, there was a strong probability that the outer portions 
of the grains would have had their U-Pb systematics at least partly re-set at the 
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Photograph 2.2 Half of a large red zircon crystal from 89-5-14 (length of crystal"" 0.3 mm), 
showing a complex crystal habit indicative of formation at high temperatures (see figure 2.1). 
Photograph 2.3 White zircon crystals from 89-5-14, showing simple prismatic crystal forms 
indicative of formation a low temperatures (see figure 2.1). 5ame magnifiCation as above. 
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Figure 2.14 Data for zircons from a Late Archaean Tonalite clast from Zimbabwe, displayed in the 
three methods of data presentation used in figure 2.10. 2.14a . Age vs frequency histogram; 2.14b. 
Age vs reli ability of data scatter graph; and 2.14c Age vs weighted reliability histogram. 
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time the younger crystals were formed. 
The rarity of good quality crystals of this phase (less than 20) made air 
abrasion unfeasible, as it would be too easy to destroy the entire sample set, 
and, they were therefore analysed intact, by incremental heating. The older 
zircons produced a suite of ages in which reliability index increases with age 
up to a maximum reliability index at an age of 3,197 Ma (the internal error on 
the age from this heating step is ± 1.5 Ma). This suite of ages is interpreted as 
mixing between "core and "rim" phases of zircon, with successive heating 
steps containing progressively more of the "core" phase (thus giving older 
ages) and less material fr~m the boundary between the two phases (and thus 
contain less common Pb, and have higher reliability indices). 
It is, however, extremely difficult to place accurate error bars on such 
analyses. The upper high reliability age of 3197 Ma is supported by points of 
lower reliability (figure 2.14a), derived from other zircons (see appendix B)~ 
indicating that it is probable that this age is a true crystallisation age, rather --
than a "minimum. age" which still contains some Pb derived from a younger 
component of the zircon. If this interpretation is correct, then the maximum 
error on the crystallisation age is the 18 Ma difference between the point of 
highest reliability and the oldest analysis (3,215 Ma). However, the oldest 
analysis has far lower reliability than the heating step which gave an age of 
3,197, and therefore a more reasonable estimate of the error would be the half-
distance between the two points (approximately 1 standard deviation), giving 
an error of ± 10 Ma. Similarly, the error on the younger population is 
determined by the half-height of the least skewed (higher age) side of the 
frequency peak (figure 2.14b) at 2,800 Ma, giving an estimated error of ± 20 Ma. 
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2:5 SUMMARY - THE RELATIVE MERITS OF THE VARIOUS 
TECHNIQUES OF ZIRCON DATING IN COMMON USE. 
2:5a Dissolution followed by isotope dilution and thermal ionisation 
mass spectroscopy. 
Of the techniques of zircon analysis currently in common use, zircon 
dissolution and V-Pb isotope analysis of single, concordant crystals is capable 
of producing the most accurate data, with errors of ~ 0.1 % frequently achieved 
(eg Roddick et al. 1987; Fanning et al. 1990; Corfu and Davis, 1991; Feng et al. 
1993). V and Pb isotope concentrations may be accurately determined by the 
use of well characterised, internationally·available standards and spikes, which 
also facilitate corrections for mass fractionation within the mass spectrometer. 
As the concentrations and sources of common lead are well constrained, the 
, 
necessary corrections are easily made. However, the analytical technique is 
very time consuming, and relies on difficult low blank chemistry, using ultra-
pure reagents, followed by separate high-precision mass spectrometry 
procedures to analyse the isotopes of V and Pb. Therefore most dissolution 
analyses use multiple grain dissolution, which has the advantage of increasing 
the quantity of V-Pb isotopes to be analysed, meaning larger blanks are 
permissible and lower precision spectrometry can be tolerated, but which has 
the disadvantage of increasing the probability that different phases of zircon 
(eg cores and rims) may become mixed, or even that that unrelated samples 
may cross-contaminate each other. It should also be recognised that even 
apparently single phase zircons are often complex mixtures of various age 
components, and that therefore even the dates obtained by single grain 
dissolution analysis may in fact represent an average of two or more 
components. 
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2:5b The Sensitive High Resolution Ion MicroProbe (SHRIMP) 
SHRIMP analyses a 20 - 30 Jlm pit within a zircon crystal, allowing 
individual crystal domains to be carefully targeted, thus avoiding the problem 
of averaging the ~sotopic compositions of complex zircons. Studies of zircons 
with multi-phase histories may be carried out, and SHRIMP has made an 
invaluable contribution to the study of ancient provinces with complex 
histories (eg Froude et al. 1983; Black et al. 1986; Bowring et al. 1989). The 
precision of data produced from a single pit is ::::: ± 1% (Compston et al. 1984), 
considerably poorer than the 0.1% precision possible on individual dissolution 
analyses. However, the accuracy of the date may be improved by repeated 
analysis of individual zircons, and by this method, dates with an accuracy of ~ 
± 0.1% have been achieved, for instance the dating of the Acasta Gneisses at 
3,962 ± 3 Ma (Bowring et al. 1989). 
Therefore while conventional zircon dating is capable of providing' 
more accurate dates on zircons with single stage histories, SHRIMP is able to 
constrain complex crystallisation histories with more accuracy than the 
dissolution technique, which may only be able to provide a minimum 
e07Pb/206Pb) age for the sample (see section 2:4.3). Again, the Acasta gneisses 
provides an example of this, as conventional U-Pb dating was only capable of 
constraining the minimum age of the intrusion of the protolith of the gneiss 
as 3,842 Ma, 120 Ma younger than the SHRIMP date on zircon cores (Bowring 
et al. 1989). 
As SHRIMP analyses cannot be "spiked", element concentrations must 
be determined using an empirical calibration curve calculated by analysis of 
zircon standards, and therefore depend on the reproducibility of data from 
these standard zircons. As has been discussed in sections 2:2.3 and 2:2.4, 
individual zircon crystals are often heterogeneous, and as yet no zircons are in 
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use as international standards, so SHRIMP data may not be easily corroborated 
by other laboratories. 
The practice of SHRIMP users to perform common Pb corrections using 
common Pb with a composition of the age of the sample, rather than the 
composition of modern common Pb, has also led to some debate over the 
errors usually quoted by SHRIMP (section 2:4.3). However, despite these 
concerns, the main problem with SHRIMP analysis is that there is currently 
only one operational machine, on which machine time is both of limited 
availability and expensive. 
2:5c Pb-Pb dating by direct thermal ionisation of zircons (The Kober 
Technique). 
The Kober technique is capable of providing high-resol4tion analyses 
on zircons with a single-stage crystallisation history, with errors close to ± 0.1 % 
- for example are dating of a felsite within the Onverwacht Group of the 
Barberton Greenstone belt at 3,438 ± 6 Ma (Kroner and Todt, 1988). However, 
the errors on crystallisation dates of phases within zircons of complex history 
are difficult to assess (section 2:4.Sb). The Kober technique provides only Pb 
isotope ratios, basing the analysis on the premise that above a certain 
temperature, Pb emitted by the thermal decomposition of zircon is derived 
from concordant zircon. The lack of U-Pb isotope ratios means that effects such 
as initial disequilibrium and reverse discordance may lead to incorrect 
interpretation of the data, as these effects may only be recognised by unusual 
degrees of scatter in the age data from analyses with low 206Pb/ 2o4Pb ratios, or 
anomalous 208Pb/ 2o6Pb ratios. However, the Kober technique has several 
advantages, including: the minimal sample preparation involved; the absence 
of a laboratory-induced blank; and the fact that the technique produces 
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sequential analyses through single grains of zircon, which is invaluable in the 
study of small populations of zircons with complex, multi-stage histories. 
Once a zircon separate has been prepared, an analysis by the dissolution 
technique requires an average of 11 days of sample preparation, breaking down 
as follows: 2 days bomb cleaning: 1 day to weigh and spike each sample; one 
week for dissolution; 1 day of column chemistry and finally five minutes per 
sample to load onto filaments. By contrast, the time taken for the preparation 
of the samples using the Kober technique is just five minutes per sample to 
load them onto the filaments, so the advantage in speed that this technique 
has over the conventional dissolution technique is evident. 
The accuracy of the Kober technique compared with conventional 
dissolution techniques has been confirmed in this study by the correspondence 
of the dissolution and Kober technique results on a Chinese Granulite (2:4:Sd), 
and the error obtained on this analysis of ± 0.1% confirms that the Kobe;r 
technique is capable of precisions equal to the best dissolution analyses on 
single stage zircons. Also, as the Kober technique produces incremental 
analyses on single zircon grains, zircon cores and "stray" contaminant zircons 
may be more easily recognised, and the data disregarded in the calculation of 
the crystallisation age of the main phase of zircon under consideration. Multi-
grain dissolution on the same zircons would be unable to perform such 
corrections. 
The relative speed and ease of the Kober technique makes it ideal for 
studies investigating old detrital zircons of low abundance. Kober et al. (1989) 
studied 42 zircons from a quartzite from the Jack Hills, Australia, and were 
able to confirm the presence of zircons up to 4.17 Ga old, which had previously 
been dated by SHRIMP (Compston and Pidgeon 1986), also confirming the 
• 
accuracy of the Kober method compared with SHRIMP. The correspondence of 
SHRIMP and Kober technique dating on the same samples was also 
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demonstrated by Compston and Kroner (1988), who recorded ages within error 
of each other of 3,644 ± 4 Ma (SHRIMP) and 3,622 ± 23 Ma (Kober technique) on 
a sample from the Ancient Gneiss complex of Swaziland. Although the Kober 
technique produces results comparable with SHRIMP or dissolution where 
zircons have simple histories, or large quantities of separates are available, 
SHRIMP dating is superior to the Kober technique in dating small populations 
of zircons with extremely complex histories, as the availability of U jPb isotope 
ratios allows clear distinction of minimum ages and true ages, and the 
accurate calculation of errors. 
As the Kober technique determines the age of a sample purely by 
207Pb* j206Pb* ratios, the most accurate ages are determined on Archaean 
zircons, as these have had plenty of time to accumulate Pb. The dating of 
young zircons (younger than 100 Ma) by the Kober technique is difficult, as 
such material has had little time to accumulate radiogenic Pb. The crystals 
which are capable of providing the largest numbers of 207Pb* /206Pb* ratios 
within such young material are the crystals which had the highest initial U 
contents. Unfortunately, these crystals are also the most likely to be metamict, 
and to show incorrect ages due to initial disequilibrium in the decay chains. 
A possible solution to this problem is measurement of the 
210Pb* j206Pb*. 210Pb is produced by the decay of 238U, and obviously has the 
same ionisation rate as 206Pb. Therefore the 210Pb* j206Pb* may be used to 
calculate the 238U j206Pb ratio, and as the evolution of terrestrial 238U j235U is 
known, then the 235U j207Pb ratio may also be calculated. However, the short 
half life of the 210Pb (22.3 years) results in extremely low 210Pb concentrations, 
and therefore very low 210Pb* /206Pb* ratios, of around one part of 210Pb in 200 
million of 206Pb. Wendt et al. (1992 & 1993b) have succeeded in measuring 
210Pb* j206Pb* ratios from zircon, with Pb extracted from large quantities of 
zircon (7-15 mg) by the dissolution technique. However, the errors on the 
210Pbj206Pb ratios are large, (1 to 7%), and compare poorly with conventional 
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dating techniques. Therefore, a combination of the Kober technique and 210Pb 
measurement is beyond the resolution of present mass spectrometry. 
However, further research could produce a very powerful technique which 
combines the advantages of both the Kober and dissolution techniques of 
zircon analysis. . 
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Chapter Three 
Chemistry and Geochronology of 
the Early Continental Crust of 
Northern Zimbabwe 
3:1 INTRODUCTION 
The Shamvaian is a sequence of greywackes and conglomerates which 
unconformably overlie the Western succession of Upper Bulawayan 
Greenstones (see Chapter 1). U-Pb zircon dating of syn-depositional dykes and 
sills within the Shamvaian sediments at the type locality by Jelsma (1993) has 
determined the age of deposition to be 2672 ± 12 Ma, within error of the 
, 
Wedza (2667± 4 Ma, Jelsma, 1993) suite of syn- to post-tectonic tonalites. 
Tectonism at the time of the intrusion of these tonalites re-worked the pre-
existing continental crust of Northern Zimbabwe to the extent that the only 
in-situ remnants of material older than the Upper Bulawayan are rare, 
strongly migmatised gneisses, such as the Umwindsi Gneiss within the 
China mora Batholith. Clearly, the intense metamorphism these rocks were 
subjected to in the late Archaean makes interpretation of the chemistry, 
geochronology and extent of the early crust of Northern Zimbabwe 
exceedingly difficult. However, the Shamvaian sediments contain coarse 
conglomeratic horizons, derived from the Upper Bulawayan land surface at 
2.67 Ga. Granitoid c1asts contained in these horizons only underwent low 
(greenschist) grades of metamorphism, and they preserve a unique record of 
the pre-Upper Bulawayan crust of Northern Zimbabwe. These c1asts therefore 
provide insights into the chemistry, longevity and rate of formation of an 
Archaean proto-continent, prior to its stabilisation in the Late Archaean. 
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Figure 3.1 Geological sketch map of Northern Zimbabwe, showing the major geological 
divisions and the two clast sample localities, one at the Shamva type locality, on the 
Mazowe river near Shamva, and the other on the north-western margin of the craton, at 
Chinhoyi 
Chapter 3 J.S. Dougherty-Page 
3:2 LOCALITY 1 - SHAMV A 
This locality is in the bed of the Mazowe River, on the Tipperary estate 
near the town of Shamva (figure 3.2). A sharp bend in the river marks the 
contact between pillowed basaltic lavas of the Panmure formation, and the 
overlying Shamvaian sediments. Here, the contact is a poorly exposed fault 
(J.D. Kramers, pers. comm) but elsewhere the contact has been mapped as an 
unconformity (Stidolph, 1977), which was locally exploited by faulting related 
to folding of the greens tone belt. 
Photograph 3.1 The Shamva sediments (the top of the main conglomeratic unit, where most of 
the samples were collected) showing conglomeratic horizons with well rounded ciasts , 
interbedded with greywacke horizons. Sledge-hammer for scale. 
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Figure 2. Geological sketch map of the Shamva sampling locality. 
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3:2.1 The Shamva Sediments. 
Both the greens tone belt vo1canics and the Shamvaian sediments dip 
steeply to the north, at an angle of 65° to 80°, striking at 060°. The lowermost 
unit of the sedimentary sequence consists of c1ast-supported polymict 
conglomerates interbedded with coarse greywackes (photograph 3.1). The 
conglomerate dominated unit is up to 200m thick, and may be traced along 
strike for a distance of 7 km. Working up-sequence greywackes become 
dominant, and the conglomerate horizons become progressively thinner, 
with smaller c1asts. The coarse greywackes pass up into progressively finer 
sediments, in a sequence which has been interpreted as representing the 
inundation of an alluvial fan or braided delta (Jelsma, 1993) (table 3.1). 
Shamvaian Group Interpretation Thickness 
Graded Unit .' Less than 500 m 
Fine to very fine-grained 
Turbiditic Unit {AB(CD)E} 
individual units up to 4m thick . Turbidites 300-500 m 
Medium to fine grained 
Horizontally stratified, 
Downslope part of a ' massive, cross -bedded and z800m trough cross-bedded fan or braided delta 
medium to coarse grained 
Matrix supported Pebble 
Flood Deposits beds, massive and stratified 3-400 m 
unit 
coarse grained 
Basal c1ast supported Alluvial fan or braided 100-200 m polymict conglomerate delta 
very coarse grained 
Table 3.1 Lithostratigraphy of the Shamvaian Group Metasediments at the type locality 
(after Jelsma, 1993) 
The clasts in the basal sequence are well rounded, with an average 
diameter of 10 to 15 cm, although they range in size from small pebbles to 
boulders over 50 cm in diameter. The clasts are predominantly medium to 
coarse grained, unfoliated granitoids, but a wide range of materials are present, 
including chert, quartzite, feldspar porphyry, vein quartz, mafic greens tone, 
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banded ironstone, limestone and rare granitic gneiss. The presence of large, 
well rounded clasts, set within a much finer matrix may indicate that some of 
the clasts were inherited from an earlier conglomerate (R. Butler, pers. 
comm). The conglomerate horizons are laterally continuous, with a weak 
preferred orientation of the clasts along strike. There are, however, no 
sedimentary structures such as channeling, cross-bedding or clast imbrication 
which could be used to determine palaeocurrent directions . The 
conglomeratic horizons are interbedded with horizons of coarse greywackes. 
Lithologically, the greywackes consist of poorly sorted angular grains of quartz, 
saussuritised plagioclase and lithic fragments set in a fine grained matrix of 
quartz, feldspar, carbonate, chlorite and opaques . The unit has undergone 
lower-amphibolite grade metamorphism, and mafic phases have re-
crystallised to produce chlorite, brown biotite and subordinate blue-green sodic 
amphibole. 
Photograph 3.2 Photomicrograph of Shamva sediment. Scale bar = 0.5 mm. The rock contains 
the metamorphic minerals biotite, amphibo\e and chlorite. This specimen (from within a 
co ngiomera tic horizon) has undergone shearing, with " major"shears running vertically (eg. to 
the left of the scale bar) and a subsidiary set of shears running steeply up from left to right. 
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Quartz grains have undergone dynamic recrystallisation to strained 
sub-grains, but within the greywacke horizons, planar fabrics and preferred 
orientation of metamorphic minerals are not developed, indicating a low 
strain regime. Within the conglomera tic horizons however, tectonic 
compaction of the sediment was accommodated preferentially by the matrix 
rather than the clasts, and a foliation defined by biotite and amphibole wraps 
around the clasts. The higher strain within the conglomerate matrix has also 
led to localised shearing, with the development of C- and S-fabrics (Lister and 
Snoke, 1984) defined by biotite and dynamically recrystallised quartz. This 
shearing indicates that the clasts have rotated during tectonism, and the weak 
preferred orientation of the clasts along strike is probably a tectonic, rather 
than sedimentary feature . 
Chemistry and Petrography of the Shamva Sediments 
Three samples of the greywacke matrix were analysed for major and 
trace elements . Chemically, (chemical data is tabulated in appendix A) the 
sediments are notable for their extremely sodic nature, indicated by the 
presence of sodic metamorphic amphibole (riebeckite). The sediments have 
very high Na20/ Al203 ratios (0.20 to 0.24), well above average values in both 
Archaean (0.19) and post-Archaean (0 .13) sediments. This enrichment of Na20 
is not accompanied by an increase in K20, and K20/Na20 ratios in the 
sediment are lower, at 0.52 to 0.56, than an average Archaean value of 0.76 
(average sedimentary compositions from Taylor and McLennan, 1985). The 
high Na20 content of the sediments is likely to reflect a large input of material 
derived from a sodic TTG terrain, samples of which are preserved as granitoid 
clasts in the conglomeratic horizons (the chemistry of which is discussed in 
section 3:2.2). The derivation of the Shamvaian sediments from a TTG terrain 
is supported by the good correlation of average HREE patterns of granitoid 
clasts from the conglomerate and REE patterns of Shamvaian sediments 
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(figure 3.3). However, the sediments are less enriched in LREE than the c1asts, 
due to the presence of another component in the sediment. Rare c1asts of 
greenstone in the conglomeratic horizons indicate that this second 
component could have been derived from the underlying greenstone belt 
vo1canics. 
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Figure 3.3 Chondrite normalised REE plots of sediments from the 5hamva type locality (89-5-3 
analysed in this study, data for sample numbers 519, 534, 635 from Jelsma, 1993) compared with 
an average REE pattern for tonalitic clasts held within the basal conglomerate (this study) and 
an average REE pattern for basic volcanics from the Harare-5hamva greens tone belt (data from 
Jelsma, 1993). 
Condie and Wronkiewickz (1990) proposed the use of CriTh ratios to 
monitor the source composition of sediments, specifically to investigate 
changes in the composition of basic volcanics through time. Both elements 
are immobile in sedimentary systems, and therefore reflect the composition of 
the sources of the sediment, rather than any sedimentary or -weathering 
processes. Th behaves incompatibly in most igneous systems, but Cr is 
;. 
compatible in mafic minerals (such as pyroxene and spinel) common in the 
source regions of basic melts, and therefore' the Cr content of a basic rock 
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(excluding the effects of fractionation) is an indicator of the degree of partial 
melting that a source region underwent in order to produce a basic magma. As 
the Earth has cooled through time, the average degree of partial melting (and 
therefore Cr content) involved in the production of basic rocks has decreased, 
and Condie and Wronkiewickz (1990) tabulated data which shows that the 
average CriTh ratio of sediments has decreased through time, with a sharp 
drop in the Late Archaean/Early Proterozoic (Figure 3.4). The CriTh ratio of 
the Shamva sediments ranges from 24.3 to 32.2, within the lower limits of the 
normal range of er ITh ratios (25 to 100) for sediments of this age (2.67 Ga) 
(Figure 3.4). 
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Figure 3.4 Cr /Th vs age diagram (after Condie and Wronkiewickz 1990). The grey field defines 
the typical range of Cr /Th ratios through time. The Shamva sediments plot in the lower range 
of this field for their time (2.67 Ca), intermediate between an average Cr/Th ratio for TIC 
clasts (.21) contained in the basal conglomerate of the Shamvaian and an average greens tone 
composition (72). This average composition was calculated using data from Jelsma (1993). The 
average Cr/Th ratio of felsic greenstone belt volcanics is 35.3, and the average Cr/Th ratio of 
mafic greens tone belt volcanics is 88.7. The ratio for felsic to mafic greens tones exposed at 
present is 1:2.2, and mixing these two components in this ratio gives the average value of 72. 
Simple lever rule mixing calculations suggest that the composition of the sediment is consistent 
with it being made up of a mixture of material derived from the TIC terrain in a range of ratios 
from approximately 1:1 to 2:1 (TIC: greenstone ratio). 
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The average CriTh ratio of Upper Bulawayan greens tone volcanics 
from the Harare-Shamva area is 72 (calculated using the average compositions 
of felsic and mafic volcanics, mixed in their present day relative proportions, 
using data given in Jelsma, 1993), and the average CriTh ratio of the Shamva 
" 
clasts is 0.21. Simple lever rule mixing calculations suggest that the 
composition of the sediment is consistent with it being made up of a mixture 
of material derived from the TTG terrain that supplied the clasts, and a 
greenstone terrain in a range of ratios from approximately 1:1 to 2:1 
(TTG:greenstone ratio), this range reflecting the poor homogenisation 
common in immature sediments. 
3:2.2 Chemistry and Mineralogy of the Clasts 
Twenty of the granitoid clasts were selected at random for analysis, 
together with samples of quartzite and greywacke. Unfortunately, the gneiss 
pebbles were small and rare, and none could be collected for examination. The 
sampled clasts are medium to coarse-grained granitoids, whose Na-rich major 
element chemistry (Figure 3.5) classifies them as members of the Tonalite 
Trondhjemite Granodiorite (TTG) suite. The sampled clasts are mainly 
trondhjemites, a chemical bias to the more siliceous members of the TTG 
suite that probably reflects a greater survival potential for more siliceous rocks 
during weathering and transport. 
In thin section, the clasts show igneous textures, with recrystallisation 
of quartz to strained granular sub-domains as the only indication of tectonism. 
In contrast to their matrix, they do not contain well-developed metamorphic 
minerals, the only metamorphic mineral present being rare epidote. Their 
mineralogy is dominated by plagioclase feldspar and quartz, with much 
smaller quantities of alkali feldspar and biotite, and accessory minerals 
including zircon, sphene, apatite, allanite and opaques including magnetite, 
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pyrite, and in one case, molybdenite. All the clasts have undergone severe 
weathering, with saussuritisation of the plagioclase and breakdown of biotite 
to chlorite and opaques. 
Anorthite 
Albite I. Shamva Clasts Orthoclase 
Figure 3.5 Feldspar ratio plot using Anorthite-Albite-Orthoclase CIPW normative 
compositions for the Shamva clasts (after O'Connor, 1965) 
The clasts may be divided into high- and low-A1203 chemical groups 
which show consistent differences between each other in terms of their major, 
trace and rare-earth element chemistry (figures 3.6 & 3.7). The major, trace and 
REE chemistry of the clasts is tabulated in appendix A. 
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Figure 3.6 Major elements vs. Silica for the Shamva Clasts, showing 2 clearly defined group s. 
Croup 1 (dark shadi ng) h ils better defined trends and a lower silica content than group 2 (light 
s il c1ding). The un shaded fields are from the Chingezi and Mashaba Tonalites o f Southern 
Zimbabwe (data fr om Lua is ilnd Hilwkesworth, 1994). 
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3:2.2 a The Group 1 Clasts 
There are 6 samples in this group, ranging in Si02 content from 71 to 
75.5%. They show well defined trondhjemitic trends for major elements 
against silica (Figure 3.6), with increasing Na20 and K20, and decreasing 
Ah03, CaO, MgO, Fe203, Ti02 and P20s. 
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Figure 3.7 Chondrite normalised REE plots for the group 1 and 2 Shamva clasts 
The group has a projected Al203 content of >15 % A1203 at 70 % Si02, 
making these clasts members of the Archaean high-alumina trondhjemite 
group of Barker and Arth (1976). Total content of ferromagnesian elements is 
low, with (Fe203(T)+MgO+ Ti02) ranging from 0.77 to 4.33, well within the 
normal range for Archaean TTG suites of ::; 5 % (Martin, 1993). The clasts 
follow a K20-poor fractionation trend, with low « 0.2) K20/Na20 ratios, and 
they plot on the lower, sodic margin of the sodic trend seen in TTG terrains 
such as the grey-gneiss complex of Swaziland (Hunter et al. 1978, 1984) (figure 
3.8). In common with most Archaean granitoids the clasts have strongly 
fractionated rare-earth element profiles with (La/Yb)N ratios from 20.2 to 32.4, 
no significant Eu anomaly and low HREE contents (figure 3.7 and 3.9). (Yb)N . 
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values in the clasts range from 3.6 to 4.4, within the typical range of (Yb)N 
values for Archaean TIG suites of 0.3 ::; (Yb)N ::; 8.5 (Martin, 1986). 
Na20 so CaO 
~Groupl ~Group 2 
Grey-gneiss complex of 
Swaziland 
Figure 3.8 K20-Na20-CaO plot for the group 1 and group 2 Shamva clasts, showing the sodic 
(A) and cale-alkaline trends (Luais and Hawkesworth, 1994) and the trondhjemitic trend (B) of 
Barker and Arth (1976). Data fields of the grey-gneiss complex of Swaziland (Hunter et al. 1978 
& 1984) are plotted for comparison. Group 2 is notably displaced towards the Na20 axis, 
reflecting a K20-loss due to weathering. 
3:2.2 b The Group 2 Clasts 
There are 11 members of this group, ranging in silica content from 75.7 
to 77.7%. When silica is plotted against immobile elements, such as Al203 or 
Ti02 (figure 3.6), the group forms a well defined array, with a trend running 
subparallel to group 1. However, when more mobile elements, such as K20, 
Na20 or CaO are considered, the trends are lost, and the group merely shows a 
poorly defined scatter. The group is displaced from the sodic trend usually 
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seen in TIG terrains (figure 3.8). Group 2 is more siliceous than group 1, and 
therefore should have an higher K20 content within a trondhjemitic 
differentiation sequence (figure 3.6). However, the K20 content of group 2 is 
lower than that of group 1 suggesting that the displacement seen in figure 3.8 
may be due to a relative loss of K20, rather than a gain of Na20. Loss of K20 is 
also indicated by the fact that although Rb/Sr ratios should increase in a 
trondhjemitic differentiation sequence, on average the group 2 clasts have a 
lower Rb/Sr ratio (an average of 0.05) than the group 1 clasts (which have an 
average ratio of 0.09). 
Most of the K20 within tonalitic rocks is held within potassic feldspar 
and biotite. Biotite is less resistant to weathering than plagioclase, whereas 
potassic feldspar is more resistant (Nesbitt and Young, 1984). Therefore, for a 
preferential loss of K20 to have occurred, weathering must have proceeded to 
a stage at which biotite had been altered in group 2, and not in group 1. This 
does appear to be the case, as the biotites in group 2 have great~r degrees of 
alteration than those in group 1, and have largely broken down to chlorite and 
opaques. As the clasts will have simultaneously undergone the same 
processes once the two groups were incorporated in the sediment together, 
this differential weathering between group 1 and group 2 must have occurred 
in the Archaean, suggesting that the area from which the group 2 clasts were 
derived had been exposed for longer, and thus weathered more deeply, than 
that of the group 1 clasts. Despite the greater weathering of the clasts in group 
2, there is no correlation between clast size, degree of rounding, and the group 
to which the clasts belong. The group 2 clasts have higher REE contents than 
the group 1 c1asts and a strong negative Eu anomaly (figure 3.7). The REE 
profiles are distinctly less fractionated than those of group l,with (La/Yb)N 
ratios ranging from 9.6 to 14.5, in contrast to 20.2 to 32.4 for group 1. The lower 
La/Yb ratios are due to less HREE depletion, and (Yb)N values range from 9.1 
to 16.5, above the usual range for Archaean granitoids of ~ 8.5 (Martin, 1986). 
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Photograph 3.3 Photomicrograph of the Shamva group 1 clast 89-S-14, showing badly 
wea thered feldspars, but comparatively fresh biotite. Scale bar == 0.5 mm 
Photograph 3.4 Photomicrograph of the Shamva group 2 clast 89-S-12. The alteration of this 
c1ast has been more intensive than for the group 1 c1ast pictured above, with replacement of 
biotite by chJorite. Scale bar == 0.5 mm 
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3:2.3 Petrogenetic Models for the Formation of the Group 1 and 2 
Clasts 
The group 1 clasts conform closely in terms of major elements, trace 
elements, and REE, to some Archaean TTG granitoids described in previous 
studies, such as the Ancient Gneiss Complex of Swaziland (Hunter et al. 1978) 
and the Chingezi-Mashaba tonalites of Southern Zimbabwe (Luais and 
Hawkesworth 1994) (figures 3.6, 3.8 & 3.9). Both geochemical modelling and 
experimental petrology indicate that such granitoids are formed by 10 to 40% 
partial melting of amphibolite-facies metabasalt at pressures =16 kbar, with 
residual garnet (± hornblende) buffering the HREE content of the melt at a low 
level (Barker and Arth, 1976; Martin 1986; Drummond and Defant, 1990; Rapp 
et al., 1991; Luais and Hawkesworth 1994). The group 1 c1asts were therefore 
sourced at sub-crustal depths, and represented a new addition of material to 
the continental crust. 
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Figure 3.9 Chondrite normalised REE plots of the Shamva group 1 c1asts compared to the 
Mashaba Tonalite (shaded field) (Luais and Hawkesworth, 1994). 
The extreme weathering of the group 2 c1asts means that little can be 
inferred of their origins from their major element chemistry. However, REE 
patterns are not fractionated by weathering processes (Taylor and McLennan, 
1985) and using the REE profiles of the c1asts, deductions on the origins of 
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group 2 may be made. The REE patterns of the group 2 clasts have negative Eu 
anomalies, indicating that plagioc1ase was an important phase in their 
formation. As plagioclase is only stable at crustal depths, this indicates that 
intra-crustal processes were important. As the siliceous portion of the early 
continental crust .was largely constructed from group 1 type granitoids (Martin, 
1993), there are two basic models for the formation of group 2; either partial 
melting of a group 1 tonalite, or fractionation of a group 1 melt. Figure 3.10 
shows simple REE modelling of a group 2 composition by both partial melting 
and fractional crystallisation, from a group 1 starting composition. Both 
processes can produce REE patterns with a very close fit to the group 2 clast, 
with::::: 20 % of liquid tormed/remaining from the starting composition 
involved in both models. 80% fractional crystallisation is rather extreme, and 
the partial melting model offers a more plausible explanation of the origin of 
the clasts, with a restite of tonalitic composition and a degree of melting of :::::20 
%, which is approximately the minimum "critical melt fraction", beyonq 
which melt separation is capable of occurring (Wickham, 1987). 
However, the REE budget of granitoids is often almost completely 
contained within minor phases such as allanite, monazite, sphene, apatite and 
zircon (Gromet and Silver 1983), and there is a possibility that minor phases in 
cumulates or restites of partial melting not accounted for in the simple 
modelling shown in figure 3.11 controlled the REE budget of the melt during 
the process responsible for the formation of group 2. Therefore, although the 
partial melting model provides a plausible explanation of the origin of group 
2, this model used in is<?lation does not confirm the origin of the group 2 
granitoids. The partial melting model requires that the protoliths of group 2 
had a crus tal history prior to a partial melting event, whereas the fractional 
crystallisation model suggests that like group 1, group 2 represents an addition 
of new material to the continental crust. Geochronological work detailed in 
the next section of this chapter will provide clear evidence of the crus tal 
histories of the clasts, serving to support the partial melting hypothesis. 
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Figure 3.10 REE modelling of the formation of the group 2 granitoids of Shamva from a group 1 
protolith (a) by 80% fractional crystallisation of a group 1 melt, leaving a cumulate of 40% 
plagiocIase, 1.5% amphibole, 0.05% alIanite and 58.5% quartz. (b) by 20% partial melting of a 
group 1 tonalite, leaving a residue of 70% plagioclase, 1% amphibole, 0.04% allanite and 29% 
quartz. Distribution coefficients are listed in appendix A. 
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3:2.4 Geochronology of the Shamva Clasts 
3:2.4 a Geochronological methods used 
The granitoid clasts had no known relationships to each other, were 
badly weathered, and had been metamorphosed to lower amphibolite grade. 
The geochronological techniques applied to them therefore had to be capable 
of providing accurate data from single c1asts, to avoid the possibility of 
constructing meaningless "isochrons" from unrelated samples, and 
furthermore the chosen isotope systematics had to be resistant to disturbance 
by metamorphism and w.gathering processes. The U-Pb systematics of zircon 
are extremely resistant to alteration, and a major aspect of this thesis has been 
to set up Pb-Pb single zircon dating by the Kober technique (see Chapter 2) in 
order to constrain the crystallisation history of the clasts. Whole rock Sm-Nd 
systematics are resistant to alteration during low grades of metamorphism and 
weathering, and are used to give the "model age" of the extraction from the 
mantle of the material which makes up the c1asts. 147Sm has a long half-life 
(1.06 x 1011 years), and therefore in the Archaean there were only small 
differences between continental crust and mantle reservoirs of Nd. Therefore 
extremely high precision analysis of 147Sm /144Nd ratios, and thus of the Srn 
and Nd contents and isotopic compositions are required in order to accurately 
I 
constrain "model ages". The Sm-Nd budget of granitoids such as these is 
virtually entirely contained within minor phases such as; zircon, allanite, 
sphene and apatite (Gromet and Silver, 1983). Both the concentrations and 
isotope ratios of Srn and 'Nd have been measured on the same dissolution of 
sample to avoid the possibility of differing proportions of REE-rich minor 
phases within separate dissolutions. Therefore the single dissolution for each 
sample has to be spiked with a solution of isotopes of Srn and Nd of known 
• 
concentration and isotope ratios at the beginning of the dissolution procedure, 
in order to account for fractionation of Srn from Nd during the analytical 
104 Chapter 3 J. S .Dou[?herty-Pa[?e 
procedure (residual fluorides after dissolution in HF will fractionate 5m and 
Nd). As this procedure was not routinely carried out at the Open University 
these samples were analysed for 5m and Nd at Clermont-Ferrand. The 
measured 143Nd/144Nd ratios were corrected using a natural 145Nd/144N d 
ratio of 0.348417 (corresponding to a 146Nd/144Nd ratio of 0.7219), and model 
ages were calculated according to the depleted mantle evolution curve 
detailed in Othman et al. (1984). Internal errors on individual 5m-Nd analyses 
were ~ 0.25 %, corresponding to a possible error on the TOM model age of ~ ± 
0.008 Ga at 3.0 Ga. As the model ages are only quoted to 2 decimal places, errors 
for the model ages are not given in the following text, although they are 
tabulated in table 3.2. 
3:2.4 b Sample selection and preparation. 
Criteria for selecting which c1asts were to be analysed were primarily the 
size of the c1ast, and the presence of zircon in thin section, to z;naximise the 
possibility that sufficient zircon was going to be present to allow an accurate 
age determination to be made. Two c1asts from group 1 were selected, (sample 
numbers 89-5-14, and 89-5-23), and three from group 2 (sample numbers 89-5-
12, 89-5-19, 89-5-25). A c1ast which could not be placed in either group, 89-5-26, 
and two large quartzite c1asts (for analysis of detrital zircon populations) were 
also selected. Unfortunately, 89-5-26 and the quartzites proved to have 
insufficient zircon of suitable quality to enable an analysis to be made. Zircon 
separates were prepared by heavy liquid and magnetic separation (see 
appendix B), single crystals were then hand-picked for analysis by the the 
Kober technique, as described in Chapter 2. The data from these clasts are 
discussed individually below, and tabulated in table 3.2. The calculation of 
ages and estimation of errors on Kober data is described in Chapter 2. 
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3:2.4 c Group 1 Clasts 
89-S-14 
This 3 kg clast produced a separate of approximately one hundred 
zircon crystals, with 2 obvious phases of crystallisation, an early reddish phase, 
and a later colourless phase. Photographs of the zircons are shown in Chapter 
2 (photographs 2.2 and 2.3). Both phases of crystallisation provided zircons of 
suitable quality for dating. As with all of the Shamva clasts, the zircon 
population was too small to allow a full typological analysis, but the two 
phases were distinctly different. The reddish phase of crystals are multi-
faceted, with high S-number typology on the Pupin (1980) typological 
classification of zircons (up to 5-17, seeChapter 2, figure 2.1) and an average 
length to breadth ratio of 2.4, whereas the white phase is more elongate, with 
average length to breadth ratios of 3.7, and simpler crystal forms. Common-Pb 
corrected ages were calculated for each heating step, and these results for 
analyses on both the early and late phases are displayed in figure 3.13, and 
tabulated in appendix B. The determination of ages and errors on the zircons 
from this rock is discussed in Chapter 2:4.5d(2). The red crystals give an age of 
3,197 ± 10 Ma, and the white crystals give an age of 2,800 ± 20 Ma 
The 5m-Nd (TDM) model age for this clast is 2.98 Ga, intermediate 
between the older (red) phase of zircons (3,197 ± 10 Ma), and the younger 
(white) phase (2,800 ± 20 Ma). There are two possible mechanisms which could 
have caused this; either the original melt separated from the mantle reservoir 
at =3.2 Ga, and the resultant rock had its 5m-Nd systematics partially re-set in 
an intense metamorphic event at =2.8 Ga, or a melt which separated from the 
mantle reservoir at :::::2.8 Ga assimilated pre-existing crustal material dating 
from :::::3.2 Ga, and retained an inherited component of xenocrystal zircon 
cores. As the clast is unfoliated, with an igneous texture, and no evidence of 
high grade metamorphic minerals, the latter explanation is preferred. 
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89-5-23 
This 2.7 kg clast provided a small, moderate quality separate of 
exceedingly diverse types of zircon (photograph 3.5), most with visible cores 
and rims. 
Photograph 3.5 Zircons from 89-5-23. The field of view is '" 1 mm. The population is extremely 
heterogeneous, and several of the crystals have visible cores and rims. 
The diversity of the zircon population was borne out by the results 
from step heating Kober technique analyses of zircons. Common-Pb corrected 
ages were calculated for each heating step, and these results are plotted in 
figure 3.12 and tabulated in appendix B. A suite of ages up to 3,182 Ma is 
recorded, with a cluster of low reliability data points between 2,750 - 2,800 Ma, 
and a clustering of higher reliability points around 2,920 Ma, this latter 
grouping containing the point with the highest recorded reliability index, at 
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2,922 Ma. The history of this clast is therefore exceedingly complex, with at 
least 3 phases of zircon crystallisation present. None of the recorded groupings 
of data are sufficiently well defined to allow accurate crystallization dates to be 
determined from this clast in isolation, but the main clusterings are concident 
with well defined crystallisation dates in other clasts. The oldest recorded data 
points are poorly clustered, and the 3,182 Ma age is taken as the minimum age 
for the oldest zircon cores in this clast. The grouping of data points between 
2,750 and 2,800 Ma probably represents the same 2,800 ± 20 Ma crystallisation 
recorded in clast 89-5-14, and the clustering of data centred on 2,922 Ma is 
coincident with the main phase of crystallisation recorded in the group 2 clasts 
89-5-12,89-5-19, and 89-5-25. 
The 5m-Nd TOM model age of this clast is 3.16 Ga, similar to the 
minimum age for the oldest zircon cores. 
3:2.4 d Clast number 89-5-26 
This clast was initially included in group 2 due to its low K20 content, 
(probably due to severe weathering) but it has very strongly fractionated REE 
patterns, with strong HREE depletion, characteristic of group 1 (Figure 3.13). 
However, unlike the rest of the clasts in group I, 89-5-26 has a very 
pronounced negative Eu anomaly. Therefore, as this clast does not belong to 
either group, it has not been included in previous discussions. 
The zircon separate provided only a few turbid, obviously multi-phase 
zircons, which could not be dated. However, the clast was analysed for 5m-Nd, 
and gave a TOM model age of 3.34 Ga, the oldest model age yet recorded from 
Northern Zimbabwe. 
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Figure 3.13. Chondrite normalised REE plot for the clast 89-5-26, showing fields for the group 1 
(dark shading) and group 2 (light shading) clasts. 
Photograph 3.6 Zircons from the 5hamva group 2 clast 89-5-19. The fragment of crystal to the 
right shows a well defined reddish core, with a white rim. 
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3:2.4 e Group 2 Clasts 
89-5-19 
This clast weighed 2 kg, and provided a separate of several hundred 
zircon crystals, very few of which were of suitably high quality to analyse. 
When the zircon separate w,as examined, three generations of zircon were 
apparent. The dominant phase is purplish-red in colour and usually turbid, 
often with clearly defined magmatic growth zoning. Rare gem quality crystals 
of this phase were multi-faceted crystals of 512 (or adjacent) typology (see 
Chapter 2, figure 2.1), indicating crystallisation at magmatic, rather than 
-metamorphic temperatures (Pupin, 1980). The magmatic origin of the 
dominant phase of zircon may also be demonstrated by the presence of 
magmatic growth zoning within some crystals. Zircons of this phase contain 
rare, rounded cores, and milky, whitish overgrowths of 55 to Gl typology. 
Where this last phase forms its own crystals, these are notably more elongat~ 
than those of the purplish phase. 
Only the main phase of zircon provided crystals of sufficient quality to 
analyse, and of these, crystals with visible cores or rims were not selected. 
Common-Pb corrected ages were calculated for each heating step, and these 
results are displayed in figure 3.14, and tabulated in appendix B. The data 
confirm the complexity of crystallisation history indicated by the three phases 
of zircon which were observed. The date of crystallisation of the main, 
magmatic, phase of zircon is given by the highest frequency interval on the 
frequency vs. age graph (fIgure 3.14b) which occurs in the interval 2,915 - 2,925 
Ma. The age of crystallisation of this main phase of zircon is therefore taken as 
2,920 Ma, with an estimated error of ± 30 Ma (the half-height -of the least 
skewed (older) side of the frequency peak). Ages were recorded up to a 
. ~ 
maximum of 2,987 Ma, interpreted as representing mixed ages between the 
main phase of zircon crystallisation and older core components (which were 
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not observed when the crystals was selected for analysis). 2,987 Ma is therefore 
taken as the minimum age of the cores, as the analysed Pb probably contained 
a substantial proportion of Pb derived from the younger (2,920 ± 30 Ma) 
component. 
No constraints could be placed on the crystallisation date of the third 
milky, whitish phase of zircon. Zircons of this phase were generally of very 
poor quality, and therefore none were analysed, However, the two low 
reliability points at "" 2,650 Ma may represent some re-setting of zones within 
older crystals at the time that the whitish phase grew. The simple typology, 
poor quality and inclusion-rich character of zircons of the third phase 
indicates that these crystals grew under metamorphic, rather than magmatic 
conditions, and that they are therefore of minor importance in the 
crystallisation history of this clast. 
The 5m-Nd depleted mantle model age of the clast is 3.17 Ga, indicating 
that material now within the clast had a crustal history of at least 250 Ma prior 
to the main phase of zircon crystallisation, during which time the observed 
cores were formed. 
89-5-25 
This clast weighed 5 kg, and provided a separate of large, generally poor 
. quality crystals. As with 5-19, there are 3 phases of crystallisation, with 
rounded cores, a main reddish phase, and thin white, milky overgrowths. 
Common-Pb corrected ages were calculated for each heating step for zircons 
from this clast, the results for which are displayed in figure 3.15 and tabulated 
in appendix B . Constraints were able to be placed on the date of crystallisation 
of all three phases of zircon. The youngest" phase is represented by a frequency 
peak of low-reliability data at"" 2,670 Ma. As with the zircons from 89-5-19, this 
phase of zircons probably grew under metamorphic conditions, and this 
frequency peak is interpreted as indicating the date of metamorphism of the 
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Shamvaian sediments. Heating steps from the zircon which gave the highest 
reliability point (zircon 2) gave ages of 2,917, 2,918 Ma and 2,925 Ma, the 
reproducibility of data on several heating steps strongly indicating that this 
zircon was predominantly made up of a single concordant component. These 
four heating steps give a weighted average age of 2,924 Ma, taken to be 
crystallisation age of the main phase of zircon, with a 1 standard deviation 
error of ± 5 Ma. The age of the main phase of zircon is taken as the age given 
by the zircon 2, rather than the age interval with the greatest frequency (2,890 
Ma) which is interpreted as indicating that most of the crystals of the main 
phase analysed contained components which became closed systems to U and 
-Pb at the time that the white phase of zircon grew during lower amphibolite 
facies metamorphism at ::::: 2,670 Ma. A zircon crystal with a visible core was 
dated for this clast, which gave ages of up to 3,116 Ma. This represents the 
minimum age, as the analysed lead could still contain a component derived 
from a younger crystallisation phase. 
The Sm-Nd depleted mantle model age of the clast is 3.20 Ga, and the 
true age of the cores may be close to this value. 
89-5-12 
This clast, weighing 2.5 kg, provided a small (a few 10's of crystals) 
separate of low quality crystals, with two distinct phases present - larger, 
purplish-red crystals and a later whitish phase present mainly as rims to the 
purplish phase, although a few discrete crystals were present. This whitish 
phase was relatively abundant, but of poor quality, and could not be dated. The 
results are tabulated in appendix B, and displayed in figure 3.16. The age of the 
crystallisation of the purplish-red phase is well constrained, with a single peak 
skewed to the left (younger ages). The skewing of this peak is interpreted as 
mixing between two phases of zircon, an older one at ::::: 2.92 Ga, and a younger 
component. The bimodality of the peak is due to the results from zircon 2, 
which gave a suite of mixed ages, getting progressively older with each 
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heating step, but which was totally evaporated before its true age had been 
reached. The most reliable analysis for the clast gives an age of 2921 Ma, a date 
supported by 6 other analyses of moderate reliability. The estimated error on 
this date is ± 10 Ma, based on the half peak height of the least skewed (right) 
side of the frequency graph (figure 3.16 b). 
Photograph 3.7 A zircon from 5hamva group 2 c1ast 89-5-12 which was analysed by the Kober 
technique (zircon 89-5-12/2), and is now pseudomorphed by baddeleyite. The top of the crystal 
still clearly retains its original multi-faceted high 5-number typology. The zircon is 
approximately 0.3 mm long. 
There is no conclusive evidence for the date of crystallisation of the 
white phase of zircon, as although there are two peaks on the reliability index, 
these are unsupported. However, these peaks do occur at ages which are 
recorded elsewhere in the Shamva area, at 2679 Ma (close to the age of the 
Wedza Suite and syn-depositional intrusions in the Shamvaian (Jelsma 
1993)), and at approximately 2.8 Ga (also recorded in clasts from Chinhoyi and 
89-S-14). The Sm-Nd (TDM) model age for this clast is 3.13 Ga, indicating that 
despite the fact that no cores were observed within the"" 2.92 Ga purplish 
phase of zircon, as with the other group 2 clasts analysed, material now 
contained within the clast had a crustal history of several hundred million 
years prior to the growth of the main phase of zircon at"" 2,925 Ma. 
f.S . Dou~herty-Pa~e Chapter 3 115 
Reliabilit~ Index 
3 
vs. A2e 
><: 
cl) 89-S-19 "0 c 2 
->. 
..... 
. -
-
~ 
C':l 1 A .-
-cl) 
~ 
o 
2600 2650 2700 2750 2800 2850 2900 2950 3000 
Age in Millions of Years 
5 
.j Frequency vs. Age 
18 
16 
14 
>< 
<l) 
"'0 12 
== 
"""" >. 10 
~ 
.-
-
.0 8 
~ 
.- 6 
-<l) 
~ 4 
2 
0 
2600 
0 
0 
0 
\C 
N 
IS 
>-. 16 
u 
= 14 Co) 
::: 
-
'"' 12 Co) 
L.. 
~ 10 
-'"' Q,) 8 ..... 
.::: 
OS) 
6 Co) 
~ 4 
2 
() 
g 
\C 
N 
Reliablity Index 
vs. Age 
o Data from zircon 2 
A 
89-S-25 
2650 2700 2750 2800 2850 2900 2950 3000 3050 3100 3150 
Age in Millions of Years 
0 0 0 0 0 0 0 0 0 0 0 0 0 
"'" 
00 N \0 0 ~ 00 N \0 0 ..". 00 N \C \C f" f" 00 00 C'I C'I 0 0 0 ..... 
C"'l N N N N N N N N ~ ~ ~ ~ 
Age in Millions of Years 
Wei hted Fre 
VS. Age 
C 
0 0 0 0 0 0 0 0 0 0 
0 0 0 
"'" 
00 ("I \0 0 
"'" 
00 N \0 0 
"'" 
00 N 
\C \C I"- I"- 00 00 00 C'I C'I 0 
0 0 ..... 
N N N N N N N N N ~ ~ ~ 
~ 
Age in Millions of Years 
Figure 3.15 Zircon d ata from the 5hamva group 2 clast 89-5-25 (a) Index of reliability of data vs. age 
scatter g raph; (b) Frequency within a 10 Ma interva l vs. age histogram; (c) Weighted frequency vs. 
age hi stogram. See Chapter 2:4 for a full explanation of the use of these diagram s 
f. S .D01Igllerty-Page Chapter 3 117 
6 
Reliability Index 
5 
vs. A2e ~ ~ 
"0 89-S-12 C 4 ..... ;>, 
...... 
==3 
.-
.0 ~ 
~ 
.-
- 2 A ~ ~ 
1 
0 
~ 10 = 10 = 10 = 10 = 10 = 10 = 10 = 10 = ~ N 10 
" 
= N 10 
" 
= N 10 
" 
= N 10 
" 
g \Cl \Cl \Cl \Cl 
" " " " 
QC) QC) QC) QC) 0\ 0\ 0\ 0\ 
N N N N N N N N N N N N N N N N I"'l 
Age in Millions of Years 
6 
5 
Frequency vs. Age 
C4 
:: 
~ 
:= 3 
0'" 
~ 
r... 
~ 2 B 
1 
0 
~ ~ ~ IC 0i5 ~ N ~ = = = = = = = = = = = = = ~ N ..". = \Cl QC) = N ..". \Cl QC) = N ..". \Cl QC) ~ \Cl \Cl \Cl \Cl \Cl 
" " " " 
t"- QC) QC) QC) QC) QC) 0\ 0\ 0\ 0\ 0\ = f'1 N N N N N N N N N N N N N N N N N N N I"'l 
Age in Millions of Years 
16 
;>, 14 u 
Weighted Frequency 
I: vs. Age ~ p := -
0-
Q) 
r... 
1(1 
~ 
"0 S 
Q) 
...... 6 
.c 
OJJ C ~ 4 
~ 2 
(I 
~ ~ ~ \0 ~ = ~ = = = = = = = = = = = = = = ~ N ..". QC) = N ..". \Cl QC) = N ..". \Cl QC) = N ..". \Cl QC) = \Cl \Cl \Cl \Cl \Cl 
" 
t"- t"-
" 
t"- QC) QC) QC) QC) QC) 0\ 0\ 0\ 0\ 0\ = N N N N N N N N N N N N N N N N N N N N I"'l 
Age in Millions of Years 
Figure 3.16 Zircon data from the Shamva group 2 clast 89-5-12 (a) Index of reliability of data vs. 
nge scatter grnph; (b) Frequency within a 10 Ma interval vs. age histogram; (c) Weighted frequency 
vs. age hi stng rrl l11. See Chapter 2:4 for a full explanation of the use of these diagrams 
118 Chapter 3 J.S.Dougherty- Page 
3:2.5 A Summary of the Data from Shamva 
All the zircon separates extracted from the c1asts in this locality gave 
small numbers of comparatively large and poor quality crystals with multi-
stage histories. The possible reason for this is that with each phase of zircon re-
crystallisation that these c1asts underwent, the re-mobilised zirconium was 
preferentially deposited on existing zircon crystals, resulting in the large, 
multi-stage, inclusion rich, poor quality crystals which dominate these 
separates. However, the Kober technique was able to provide well constrained 
data on at least part of the history of all but two (89-5-23 and 89-5-26) of the 
clasts from which zircons were separated. Table 3.2 summarises the zircon and 
5m-Nd data on the 5hamva Clasts. 
Sample Pb-Pb Zircon Sm-Nd 
Rim Maill Phase Core TcHUR TDM tND(T) 
Groupl 
89-8-14 2,800±20Ma 3,197 ± 10 Ma 2.82 Ga 2.98 ± 0.003 Ga - 0.20 (aJ 2.8 Ga) 
89-8-23 =2,800 Ma =2,920 Ma >3,182 Ma 3.04Ga 3.16 ± 0.008 Ga + 2.16 (aJ 3.2 Ga) 
Group 2 
89-8-12 =2,680 Ma 2,921 ± 10 Ma Not Present 2.98 Ga 3.13 ± 0.004 Ga - 0.61 (at 2.92 Ga) 
89-8-19 =2,650 Ma 2,920±30Ma > 2,987 Ma 3.03 Ga 3.17±0.003Ga -1.23 (at 2.92 Ga) 
89-8-25 ... 2,670 Ma 2,924± 5 Ma > 3,116 Ma 3.08 Ga 3.20 ± 0.003 Ga -1.99 (at 2.92 Ga) 
89-8-26 No zircon data 3.20Ga 3.34 ± 0.002 Ga 
Table 3.2 Summary table of Pb-Pb zircon data and Sm-Nd TCHUR, TOM & ENd (at the time of 
the growth of the dominant phase of zircon) for the Shamva clasts. 
The 5m:.Nd TDM model age of 3.34 Ga for sample number 89-5-26 
represents the oldest continental material yet recognised from the 5hamva 
region. An early continental crust may also be indicated by the presence of rare 
gneissic clasts, which have obviously undergone a high strain event not 
recorded by the unfoliated granitoid clasts. Alternatively, this deformation 
may have occurred during one of the events recorded in the clasts (during 
which time the source granitoids of the clasts were in a low-strain regime), 
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and the rarity and small size of gneissic clasts may reflect the lower survival 
potential of foliated rocks during weathering and transport, rather than their 
derivation from a rare, older source. 
Zircon core ages and Sm-Nd TOM model ages in both groups of clasts 
from Shamva suggest that::::: 3,200 Ma ago, there was a period of continental 
growth, with the intrusion of high-alumina TTG granitoids. The Sm-Nd 
model age of clast 89-5-26 suggests that this event represented growth of a pre-
existing continental nucleus, rather than the formation of a new continental 
mass . 
As Archaean high-alumina TTG suites represented new additions of 
material to the continental crust (Barker and Arth, 1976; Martin, 1986; Rapp et 
al. , 1991; Luais and Hawkesworth, 1994), it should be possible to use the CNd 
values of the clasts to investigate the degree of depletion of the Archaean 
mantle. For the clast 89-5-23, the Sm-Nd TDM (3.16 Ga) and zircon ages (~ 3.17 
( 
Ga) are in good agreement with each other, and this clasts' depleted CNd value 
of +2 .16 is typical for mid-Archaean mantle derived material (Chase and 
Patchett, 1988). However, 89-S-14 contains two populations of zircons, one 
representing the crystallisation age of the clast at 2,800 ± 20 Ma, and cores 
dating back to 3,197 ± 10 Ma. The Sm-Nd TOM model age of the clast is 
intermediate between the two zircon ages, at 2.98 Ga. One model is that the 
material now making up the clast was added to the continental crust in two 
stages, the first at 3.2 Ga, which was then assimilated into a magma added to 
the crust at 2.8 Ga . It may be speculated that the :::::3 .2 Ga and :::::2 .8 Ga 
components were both Archaean high-alumina TTG granitoids, and the 
resulting mixture simply produced an average, typical Archaean high-
alumina TTG granitoid, apparently derived from the mantle in a single event. 
The age data for this clast therefore emphasises the need for caution where 
data from only one isotopic dating system is available, especially in the 
construction of models for the growth (and rates of growth) of continental 
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crust through time. Although this rock was formed by mixing of at least two 
separate components, derived from the mantle 400 Ma apart, a more limited 
data set might have been erroneously interpreted as representing a single, 
large, crust forming event.-
The group 2 clasts record a major magmatic event at == 2,925 Ma, with 
ages of 2,921 ± 10 Ma (89-5-12) 2,920 ± 30 Ma (89-5-19), 2,924 ± 5 Ma (89-5-25) 
(table 3.2), all identical within error. The combination of the similar chemistry 
and crystallisation ages of these clasts strongly indicates that they were formed 
during the same event, and justifies combining the data from all 3 of these 
clasts. Figure 3.17 shows this combined data, from which the date of 
crystallisation is determined to be 2,925 ± 10 Ma. The presence of zircon cores 
in group 2 clasts with minimum ages of 3,116 Ma, enriched ENd at 2,925 Ma, 
and whole rock 5m-Nd TDM model·· ages of up to 3.20 Ga conclusively 
demonstrates that protoliths of these clasts had crustal histories of several 
hundred million years before the magmatic event they record at 2,925 Ma. 
. . 
REE modelling in section 3:2.3 suggested that the group 2 clasts were 
formed by partial melting of group 1. However, as one of the group 1 clasts (89-
5-14) contains a large component dating from == 2,800 Ma, 125 Ma younger 
than the main phase of crystallisation in the group 2 clasts, the geochronology 
of these clasts has shown that 5hamva group 2 cannot have been produced by 
the melting of 5hamva group I, but the melting of material compositionally 
similar (high Al ITG) granitoids is consistent with the data, which requires 
the incorporation of older material within the group 2 clasts at the time of the 
main (magmatic) phase of zircon crystallisation that they record at 2,925 Ma. 
However, ENd for the group 2 clasts ranges from -0.61 to -1.99 at 2.925 Ga (table 
3.2), suggesting that all these clasts cannot have been derived by partial 
melting of the same source. 
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Therefore, possible mechanisms for their formation are derivation of 
crustal re-melts from a source region which included varying proportions of 
granitoids chemically similar to those of group 1 intruded between 3.2 and 
2.925 Ga, but not present in the sample set of clasts, or mixing of crustal re-
melts with varying proportions of magmas derived from the mantle during 
the 2.925 Ga event. 
There is a broad correlation between CNd values and the abundance of 
zircon cores in the samples, with the sample with the most negative CNd at 
2.925 Ga, 89-5-25, also containing the most abundant cores, which have a 
minimum age of 3,115 Ma. Therefore, mixing between crustal re-melts and 
mantle derived melts is the preferred origin of these clasts, as the correlation 
between core abundance and CNd would not exist if the clasts were entirely 
produced by intra-crustal re-melting. 
The 2.925 Ga event was followed by a further magmatic event at 2,800 ± 
20 Ma. This event involved an input of new material into the continental 
crust, and was responsible for the formation of the group 1 clast 89-5-14 (figure 
3.11). This c1ast contains two populations of zircons, one representing the 
crystallisation age of the clast at 2,800 ± 20 Ma, and an inherited population of 
zircons, dating back to 3,197 ± 10 Ma which, as has already been discussed, 
appears to have been a major period of continental growth in Northern 
Zimbabwe. This is the only c1ast in which the white "rim" phase, present in 
most of the c1asts could be accurately dated. It should not be assumed that all 
the rims were formed at the same time, or by the same process, as in this clast. 
For example, in some c1asts the rims may represent late stage hydrothermal 
growth in the same event that caused the crystallisation of the main phase of 
zircon. Such late stage rims (or discrete crystals) are often rich in incompatible 
elements such as U and Th, and therefore become metamict and turbid, and 
thus of different appearance to "core" phases formed slightly earlier in the 
crystallisation of a magma body. 
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The group 2 clasts all indicate a (poorly defined) crystallisation event 
which occurred between =2,650 and= 2,680 Ma. Zircons of this age typically 
had simple typologies, and were of very low quality - turbid in appearance and 
rich in inclusions, consistent with their growth under metamorphic, rather 
than magmatic conditions. This age corresponds well to lower amphibolite 
facies metamorphism to which the sediments were subjected, the peak of 
which has been estimated to have occurred at = 2,650 Ma (Jelsma, 1993). 
Alternatively, this final episode of zircon crystallisation may have been from 
hydrothermal fluids related to the gold mineralisation which also occurred in 
Shamva at this time. 
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3:3 LOCALITY 2 - CHINHOYI 
The second area from which samples were collected is located on the 
north-western margin of the Archaean craton of Zimbabwe, near the town of 
Chinhoyi (see figure 3.1 for the location of Chinhoyi, and figure 3.18 for a 
locality map). Samples were collected from the "Eldorado Conglomerate" in 
basal Shamvaian sediments (see section 3:1) exposed on the bed of the 
Hunyani River, 1 mile to the east of Chinhoyi (Figure 3.18). This locality is 
within 5 km of the front of the Early- to Mid-Proterozoic (Treloar, 1988) 
Magondi Mobile Belt, and was chosen in order to study any possible chemical 
and geochronological differences between the central (at Sharnva) and 
marginal (at Chinhoyi) portions of the North of the Zimbabwe era ton at the 
time that the Shamvaian sediments were deposited (2.67 Ga, Jelsma, 1993). 
Photograph 3.8 A large clast in the Eldorado conglomerate, with a sledge-hammer for scale. 
No te the tec tonic deformation of the clast and the surrounding conglomerate. 
The surface of the exposure is water smoothed, and often covered in a 
brown desert varnish of oxides released by weathering. Sediments at this 
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locality are vertically bedded and strike at 075/225 0 • In contrast to the 
sediments at Shamva (section 3:2), those at Chinhoyi are strongly tectonised, 
with a variable degree of deformation across the outcrop. The more strongly 
deformed portions of the conglomerate are host to gold mineralisation, and 
the Eldorado mine was once one of the largest in Zimbabwe, producing a total 
of 486,790 ounces of gold before its closure in 1941 (Stagman, 1961). The 
deformation of the conglomerate makes a determination of whether it was 
originally matrix or clast supported difficult, but the high proportion of matrix 
material present does suggest that the conglomerate was originally matrix 
supported. The clasts are elongated in the direction of strike, often 
boudinaged, and may even be wrapped around some of the larger boulders 
(photograph 3.8). A foliation is present, which varies from a fine, slatey 
cleavage in the fine grained sediments, at the base of the sequence (sample 
locality 1) to an anastomosing, slickensided set of fractures wrapping around 
the clasts within the coarse conglomeratic horizons. The c1asts range in size 
from small pebbles only a few cm in diameter to boulders 70 cm in diameter. 
The larger clasts are dominantly medium to coarse grained, unfoliated 
granitoids, with subsidiary fine grained siliceous rocks (which shall be referred 
to as felsites so as not to make implications about their origins by 
nomenclature), banded ironstone, vein quartz, and rare greens tone clasts. 
There are no foliated granitoid clasts. 11 clasts were collected, dominantly of 
coarse-grained granitoids, but including banded ironstone and felsite. The 
clasts were selected primarily on the grounds of minimal deformation and 
shearing, together with a requirement that the granitoids should be of 
sufficient size (;::: 1.5 kg) to supply a reasonable quantity of zircons for dating. 
3:3.1 The Chinhoyi Sediments 
-
The sediments at Chinhoyi consist of a single conglomeratic horizon set 
within poorly sorted greywackes (figure 3.18). The greywackes (and matrix 
within the conglomeratic horizon) are composed of angular grains of quartz, 
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sa ussuritised plagioclase and lithic fragments set in a turbid, fine grained 
matrix of quartz, feldspar, carbonate, chlorite, clay minerals and opaques. The 
metamorphic grade is low, with green biotite as the dominant metamorphic 
mineral. Other metamorphic minerals present include muscovite, chlorite 
and epidote. The degree of deformation seen in thin section is variable, from 
extremely well developed c-and s-fabrics (defined by metamorphic biotite) in 
the fine grained sediments of locality 1, indicating a considerable amount of 
shearing, to irregularly spaced anastomosing fractures, again infilled with 
biotite, together with chlorite, carbonate and dynamically recrystallised quartz, 
within the coarser horizons. 
Photograph 3.9 Photomicrograph of the sediment from Chinhoyi. The metamorphic 
assemblage is dominated by greenish biotite (kinked by later deformation at the left of the 
picture) and chJorite. Scale bar"" 0.5 mm. 
Eight samples of the sediments were analysed for their major and trace 
elements (data tabulated in appendix A) from three stratigraphic levels. Four 
samples were collected from below the conglomeratic unit, one sample of 
matrix from the conglomeratic horizon was analysed, and three samples of 
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sediment from above the conglomerates were also collected. The sample from 
the conglomerate itself and below are notable for their extreme heterogeneity. 
Silica contents vary from 54.3 to 69.2%, total ferromagnesian contents 
(Pe203(T)+MgO+ Ti02) vary from 7.3 to 22.5%. Samples collected from within 
a few metres of each other vary from extremely Na20-rich (89-C-2 contains 
7.0% Na20) to having Na20 contents below the detection limits of XRF 
analysis (89-C-1). CriTh ratios vary from 3.4, an order of magnitude below the 
typical range of mid-Archaean values (25 to 110, Condie and Wronkiewickz, 
1990 - see section 3:2.1 for a discussion on the use of this ratio) to 252, a high 
value for the mid-Archaean. By contrast, the samples collected from above the 
conglomerate are relatively homogeneous, both in terms of major and trace 
elements . They are more siliceous, with a restricted range in Si02 (71.3 to 
73.3% Si02) and total ferromagnesian content (5.2 to 6.0%). They are Na20 -
rich, with Na20 I Al203 ratios from 0.23 to 0.28 (well above an average 
Archaean value of 0.19) and K20lNa20 ratios from 0.48 to 0.6~ (below the 
average Archaean value of 0.76 - average sedimentary compositions from 
Taylor and McLennan, 1985), making them more sodic than the Shamva 
sediments, for which Na20 I Al20 3 ratios range from 0.20 to 0.24 and 
K20 / Na20 ratios from 0.52 to 0.56. CriTh ratios are low (18.6 to 19.7) for 
sediments of this age, indicating a smaller than average contribution to these 
sediments from greenstone-belt derived mafic rocks (Condie and 
Wronkiewickz, 1990). There is therefore a progression within this 
sedimentary sequence from an initial highly immature, chaotic mixture of 
coarse material derived from both the underlying greens tones and a 
surrounding terrain of sodic granitoids, to a finer, more mature, texturally 
better sorted and chemically more homogeneous sediment, with a greater 
avera ge contribution from the granitoid terrain. A simple model for the 
increasing maturity of the sediment is deepening of the basin in which the 
sediment was deposited , resulting in increasing distances of sediment 
transport, and deposition in progressively lower energy environments at this 
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site of sedimentation. A similar model has also been invoked for the 
progression of sedimentary sequences at Shamva (section 3:2.1). 
3:3.2 Chemistry and Petrography of the Chinhoyi Clasts 
The granitoid clasts are coarse grained, with mineralogy dominated by 
plagioclase feldspar and quartz with minor amounts of alkali feldspar 
(microcline) and perthites. Biotite is the dominant mafic phase. Accessory 
minerals include zircon, sphene, apatite, magnetite and pyrite. The clasts are 
heavily weathered, with saussuritisation of plagioclase and breakdown of 
biotite to chlorite and opaques. Deformation of the clasts was accommodated 
plastically, largely through dynamic recrystallisation of quartz, but some brittle 
deformation of the clasts has also occurred. Fracture zones, infilled with 
biotite, chlorite and dynamically re crystallised quartz cut the clasts, and in 
some clasts these fractures have opened and the clasts have boudinaged. 
Anorthite 
Albite I. Chinhoyi Clastsl Orthoclase 
Figure 3.19 Feldspar ratio plot using Anorthite-Albite-Orthoc1ase CIPW normative 
compositions for the Chinhoyi clasts (after O'Connor, 1965) 
The major element chemistry of the clasts (tabulated in appendix A, 
along with trace element and REE analyses) shows them to be members of the 
TTG-Suite (figures 3.19 and 3.20). They may be divided into two groups on the 
basis of their silica content. 
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Photograph 3.10 Photomicrograph of the Chirlhoyi group 1 clast 89-C-1S, showing the severe 
low-grade alteration common to all the Chinhoyi clasts, with the breakdown of mafic phases to 
chlorite and opaques, and saussuritisation of plagioclase. Note the zircon crystals within the 
group of mafics at the top of the picture. 
3:3.2 a Group 1 
There are 6 samples in this group, with Si02 contents ranging from 68.1 
to 72.2 % Si02. Al203 and CaO contents both decrease with increasing Si02 but 
all the other elements show rather flat trends . The group has an A1203 content 
of > 15% at 70% Si02, which classifies these clasts as members of the high-
alumina Archaean TTG group of Barker and Arth (1976). The total content of 
ferromagnesian elements (Fe203(T)+MgO+ Ti02) is low, ranging from 4.0 to 
5.3%, although at the upper limit for Archaean TTG suites of $ 5% (Martin, 
1986). The less mobile major elements (Ah0 3, Ti02, P20S) have trends which 
closely follow those of Shamva group 1 (figure 3.20). 
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Figure 3.20 Major elements vs. silica for the Chinhoyi clasts, showing 2 clearly defined groups 
in terms of silica content, and the fine grained "{elsite clast 89-C-27, which plots with apparent 
affinities to group 2. The unshaded fields are the Shamva group one and two clasts. 
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Figure 3.21 K20-Na20-CaO plot for the group 1 and group 2 Chinhoyi clasts, showing the sodic 
(A) and cale-alkaline trends (Luais and Hawkesworth, 1994) and the trondhjernitic trend (B) of 
Barker and Arth (1976). Data fields of the grey-gneiss complex of Swaziland (Hunter et al. 1978 
& 1984) are plotted for comparison. Both groups are notably displaced toward; the Na20 axis, 
reflecting a K20-loss due to weathering. 
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Figure 3.22 Chondrite normalised REE plots for the group 1 and 2 Chinhoyi c1asts, together 
with the "felsite" cIast 89-C-27, which has a very similar REE pattern to the group 2 cIasts . 
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When the more mobile major elements are considered, Group 1 plots 
outside the usual range of major element compositions for typical Archaean 
TTG terrains (figure 3.21) such as the grey-gneiss complex of Swaziland, with 
lower K20/Na20 ratios than those predicted by the models of either Barker 
and Arth (1976) or Luais and Hawkesworth (1994). The REE patterns of the 
group are moderately fractionated, (figure 3.22) with (La/Yb)N ranging from 
9.1 to 27.2. As is typical of high-alumina Archaean TTG-suites, HREE contents 
are low. (Yb)N ranges from 2.7 to 6.2, within the usual range of (Yb)N values 
for such rock types of 0.3 ::; (Yb)N ::; 8.5 (Martin, 1986). The REE patterns show 
small negative (89-C-16)- or positive (89-C-24) Eu anomalies. The Chinhoyi 
group 1 clasts have broadly similar REE patterns compared to the REE patterns 
of the Shamva group 1 clasts (figure 3.24a), although there is less LREE 
enrichment, and a greater range of HREE contents. 
3:3.2 b Group 2 
There are four clasts in this group, with Si02 contents ranging from 75.5 
to 77.4% Si02. Al203 and CaO contents both decrease with increasing Si02, and 
the other elements show rather flat trends, although Na20 does increase 
slightly with Si02 content. As with group 1, K20/Na20 ratios in the group are 
lower than expected for Archaean TTG suites (figure 3.21). The group 2 c1asts 
have higher REE abundances, with smaller variation in REE patterns than the 
group 1 clasts. The REE pattern corresponds closely with that of the low-
alumina «15 % A1203 at 70 % Si02) Archaean TTG group of Barker and Arth 
(1976) with "moderately enriched LREE, negative Eu anomalies, and flat HREE 
patterns". However, the trend of Ah03 with silica for this group is poor, and 
may not accurately be projected back to 70% Si02. The REE patterns of group 2 
are only mildly fractionated «La/Yb)N ranges from 8 to 8.8), and the HREE 
. ~ 
elements are not depleted, with (Yb)N r'anging from 17.9 to 20.3, well above the 
usual range of (Yb)N values for Archaean TTG suites. 
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Unlike the Chinhoyi group 1 clasts, which show strong chemical 
similarities to the 5hamva group 1 clasts, the Chinhoyi group 2 clasts show 
marked chemical differences from their counterparts at 5hamva (figures 3.20 
and 3.24). Of these differences, perhaps the most significant are those in the 
REE patterns, as the Chinhoyi group 2 c1asts have less HREE depletion, and a 
far smaller Eu anomaly than the 5hamva group 2 clasts (figure 3.24). 
3:3.2 c Felsite (Clast 89-5-27). 
The clast is porphyritic, with a fine grained, granular matrix of quartz 
and plagioclase and small (up to 3 mm) rounded phenocrysts of lamellar 
twined plagioclase and (strained) quartz. Low grade alteration ("weathering") 
of the clast is severe and pervasive. Pseudomorphs after mafic phenocrysts, 
infilled with a turbid mixture of green biotite, quartz, calcite and fine-grained 
clay minerals are present, but none of the original phenocryst material 
remains. Given the severity of the low grade alteration, little may be inferred 
from the major element chemistry of this sample, other than to say that the 
clast appears to represent a member of a sodic, rather than ca le-alkaline 
fractionation sequence, occupying a position intermediate between group 1 
and group 2 (figure 3.20), apparently along a projection of group 2 A1203, CaO, 
and Ti02 trends. This chemical similarity between 89-5-27 and group 2 is more 
convincingly demonstrated by the REE pattern of the clast. The REE pattern 
overlies those of the group 2 granitoids, displaying the same "low alumina 
TTG" (Barker and Arth, 1976) REE pattern, of moderate LREE enrichment, 
with undepleted, flat HREE patterns and a negative Eu anomaly. This 
similarity of chemistry, and specifically of REE patterns, does suggest that this 
clast was formed by similar processes to the clasts of group 2, and that it may 
therefore represent a fine-grained equivalent of the granitoids of group 2. 
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3:3.3 Petrogenetic Model for the Formation of the Chinhoyi Group 1 
and 2 Clasts 
Figure 3.21 shows that the clasts from both groups have anomalously 
low K20/Na20 ratios compared with other Archaean TTG suites, such as the 
Ancient Gneiss complex of Swaziland. The low K20 content in the clasts from 
both groups suggests that the low K20/Na20 ratios are due to a loss of K20 
rather than a gain in Na20. K20 loss is supported by the low Rb/Sr ratios of all 
the c1asts (within the range 0.06 to 0.27 for group 1 and 0.07 to 0.27 for group 2) 
which are normally expected to rise with increasing silica content within a 
-
trondhjemitic sequence. Unlike the c1asts analysed from Shamva, where the 
greatest K20-loss is confined to a single group, and therefore must have 
occurred before the sediment was deposited (section 3:2.2), all of the c1asts at 
Chinhoyi have undergone similar degrees of alteration. This alteration may 
have been in response to one or more of three factors: (a) ArchaeaI1 
weathering, (b) metamorphism, or (c) hydrothermal alteration of the 
conglomerate at the time that the gold mineralisation occurred. In view of 
this severe alteration, and possible mobilisation of major elements such as 
Na, K and Ca, the proposed models are based on the relatively immobile REE. 
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Figure 3.23 Chondrite normalised REE plots of the Chinhoyi group 1 c1asts compared to the 
. 
Mashaba Tonalite (shaded field) (Luais and Hawkesworth, 1994). 
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Group 1 
The similarity in REE and (immobile) major element chemistry (figures 
3.24a and 3.20) for the Chinhoyi group 1 clasts and the Shamva group 1 clasts 
strongly suggests that these two groups of clasts were formed by very similar 
processes. The REE patterns of these two groups correspond closely to typical 
Archaean high-alumina TTG granitoids such as the Mashaba Tonalite of 
Southern Zimbabwe (Figure 3.23). The most widely accepted models proposed 
for the generation of such granitoids suggest that they are formed by 10 to 40% 
partial melting of amphibolite-facies metabasalt at pressures of =16 Kbar, with 
residual garnet (± hornblende) buffering the HREE content of the melt at a low 
level (Barker and Arth, 1976; Martin 1986; Drummond and Defant, 1990; Rapp 
et al., 1991; Luais and Hawkesworth, 1994). 
The involvement of hornblende in the formation of the Chinhoyi 
group 1 clasts is indicated by the positive Eu anomaly of 89-C-24, and the 
higher (chondrite normalised) abundance of Lu than Yb in 89-C-19, 
characteristic of a process of melt formation in which the melt was separated 
from hornblende, which has a negative Eu anomaly, and a lower partition 
coefficient for Lu than Yb (Hanson, 1978). This could have been achieved by 
either partial melting or fractional crystallisation. This model for the 
generation of the melts which eventually formed the group 1 clasts requires 
that they originated at depths greater than the thickness of average continental 
crust, by partial melting of a mafic precursor. Therefore, the group 1 c1asts 
represented a new addition of material to the continental crust. 
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Figure 3.24 Chondrite normalised REE patterns of the Chinhoyi and Shamva (A) group 1 and 
(B) group 2 clasts, clearly showing the greater HREE enrichment and smaller negative Eu 
anomaly of the Chinhoyi group 2 clasts compared to the Shamva group 2 clasts. 
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Figure 3.25 Chondrite normalised REE patterns of the Chinhoyi group 2 clasts compared with a 
"Low-Alumina Trondhjemite" (Barker and Arth, 1976) from the Ancient Gneiss complex of 
Swaziland (bold line)(Data from Condie and Hunter, 1976), and an experimentally produced 
"Low-Alumina Trondhjemite", produced by partial melting of a metabasite at 8 kbar pressure 
and lOOO'C (dashed line) (Rapp et al. 1991). 
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Group 2 
In terms of major elements, most notably CaO, the group 2 clasts lie on 
a separate trends to those of the group 1 clasts (Figure 3.20), indicating that the 
two groups are unlikely to be members of the same suite separated by an 
artificial silica gap produced by sampling bias. The group 2 clasts of Chinhoyi 
have higher HREE abundances and smaller Eu anomalies than the group 2 
clasts of Shamva (figure 3.24), strongly suggesting that the two groups were 
formed by different mechanisms. Due to the enric~ed, flat HREE patterns and 
small Eu anomaly of Chinhoyi group 2, REE modelling cannot produce the 
REE patterns of Chinhoyi group 2 from a Chinhoyi group 1 protolith by partial 
melting or fractional crystallisation processes, without appealing to either 
minor phase control or high oxygen fugacity (such that Eu was largely oxidised 
to Eu3+ and thus not partitioned into plagioclase). Figure 3.25 shows that the 
REE patterns of group 2 correspond to those of the low-alumina TTG suite 
(Barker and Arth, 1976), and therefore the model proposed by these authors 
< 
for the generation of such granitoids has been applied to these clasts. In their 
model, Barker and Arth attribute the formation of the Archaean low-a lumina 
suite to partial melting of metabasalts, at pressures within the stability field of 
plagioclase. The major residual phases are plagioclase and hornblende, and 
the presence of plagioclase within the restite depletes the melt in Eu, although 
Eu depletion due to the positive Eu anomaly of restitic plagioclase is slightly 
counterbalanced by the negative Eu anomaly of restitic hornblende. As garnet 
is not a major residual phase, the HREE are not depleted. Recent experimental 
petrology (Rapp et al., 1991) has confirmed that 10% partial melting of a 
metabasalt at a pressure of 8 kbar does indeed produce a low-alumina TTG 
melts, with REE patterns very similar to group 2 (figure 3.25) leaving a restite 
dominantly composed of plagioclase (up to half the total restite) with lesser 
amounts of amphibole and orthopyroxene. Therefore, like the group 1 clasts, 
the group 2 c1asts also represented a new addition of material to the 
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continental crust from a mafic protolith, but the partial melting processes 
which formed the TTG-melts occurred at a higher level. 
3:3.4 Zircon Geochronology of the Chinhoyi Oasts. 
Samples were selected from each of the groups for zircon 
geochronology on the basis of sample size (the largest available) and observed 
zircon in thin section, in order to maximise the quantity of zircons separated. 
Zircon separates were then prepared from four clasts from group 1 (samples 
89-C-1S, 20, 24 and 28) and two from group 2 (samples 89-C-21 and 89-C-23), 
first by heavy liquid floatation, then magnetic purification of the dense 
separates, by the techniques described in appendix B. Unfortunately, the largest 
(4.2 kg) of the group 1 clasts, 89-C-24, did not contain sufficient zircon for an 
accurate age determination to be made. The data from these clasts are 
discussed individually below, and tabulated in table 3.3 The calculation of ages 
and calculation (or estimation) of errors is dealt with in Chapter 2. 
3:3.4 a Group 1 Clasts 
89-C-lS. 
This 2.1 kg clast provided a large separate of several hundred clear, 
pinkish crystals with well developed crystal faces and primary (magmatic) 
inclusions . No cores or rims were observed to this single phase of zircon 
crystallisation. Six zircons were analysed, in a total of 48 heating steps. 
Common lead corrected ages were calculated for each heating step, and the 
results are plotted on figure 3.26 and tabulated in appendix B. These common 
lead corrected ages produce a single peak, the weighted average of which is 
2720 Ma , with a 1 standard deviation error of ± 6 Ma (ages younger than 2,700 
Ma were not used in the standard deviation calculation as they are assumed to 
contain a younger age component). 
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Photograph 3.11 Zircons from the Chinhoyi group 1 c1ast 89-C-1S. The zircons are of high 
quality, homogeneous in typology, with magmatic inclusions and magmatic growth zoning. 
Field of view ",1 mm. 
t I:'. , ••• 
t, _'It I ,e 
"el", .t>t · 
Photograph 3.12 Zircons from the Chinhoyi group 1 cIast 89-C-20. The zircons are of poor 
quality, and many show irregular overgrowths of a second generation of zircon. Field of view'" 
Imm. 
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89-C-20 and 89-C-28 
These clasts (1.8 and 1.5 kg respectively) produced only small quantities 
of low-quality zircons, poorly faceted, and with internal reflections which 
suggested the pr"esence of cores. The small size of the crystals meant that a 
large proportion of the crystal had to be broken down to baddeleyite in each 
heating step if sufficient Pb was to be emitted for an accurate analysis to be 
made. Therefore, with only one to three heating steps possible from each 
zircon, the possibility of resolving the true ages of the cores and rims was very 
much reduced. In order to increase the resolution of the core and rim ages by 
-
increasing the number of heating steps, it was necessary to decrease the 
duration of the heating steps. Therefore, several (up to 8) zircons were loaded 
onto each filament so that a very short heating step emitted sufficient lead for 
an accurate analysis to be made. The reliability index may not be used for 
multiple zircon evaporations (see Chapter 2), and therefore only the frequency 
of common lead corrected ages within a particular age interval may be 
considered in the determination of the crystallisation age of the clasts. 
Zircons analysed from both clasts produced extremely similar sets of 
data, tabulated in appendix B and displayed in figure 3.27 Both clasts record 
only a few, scattered ages below an abundance peak at 2,800 Ma, above which a 
further suite of ages are recorded - up to 2,880 Ma in 89-C-20 and 2,870 Ma in 
89-C-28. These data are interpreted as representing mixing of two age 
components in the zircons, the younger of which is corresponds to the 
abundance peak at 2,800 Ma. The estimated error on this 2,800 Ma 
crystallisation age is ± 20 Ma. The abrupt termination of the older suite of ages 
at =2,880 Ma indicates that the age of the older component is probably close to 
this value, but no accurate constraints may be placed upon this. 
" . 
142 Chapter 3 J. S .Douxherty-Paxe 
6 
5 
~ 
Q) 
"'0 4 C 
-~ 
~ 
.- 3 
-~ 
~ 
.-
-
2 Q) 
~ 
1 
2650 
16 
L~ 
~ 12 
U 
C 
Q) 10 
::: 
C" 
Q) 8 
1..0 
~ 
(, 
~ 
2 
() 
:::> 
III 
'" 
'" 
30 
~ 25 
u 
c 
Q) 
::: 20 
C" 
Q) 
1..0 
~ L5 
"'0 
Q) 
...... 
.c 10 
ell 
Q) 
~ 5 
'" 
Cl 
:::> If' 
'-= N 
A 
Reliability Index 
vs. Age 
89-C-lS 
2660 2670 2680 2690 2700 2710 2720 2730 
Age in Millions of Years 
Frequency vs. Age 
B 
Vl 8 Vl "" Vl <:> Vl ~ III :::> III :::> III :::> III 
'" 
r- r- ~ QC '" "" <:> 
Vl <:> 
'" '" '" '" '" '" '" '" 
r- r- r- r:: '" '" '" 
'" '" '" '" '" '" '" '" 
r- r- r-
'" '" '" '" '" '" '" '" 
Age in Millions of Years 
Weighted 
Frequency vs. Age 
C 
III :::> III <:> III <:> III ~ III :::> III :::> III :::> Vl <:> III 
'" '" 
r- r- ~ 00 '" ~ <:> 
N 
'" '" 
'-:> ~ '-:> ~ 
'" '" '" '" 
r- r- r- r- r- r-
... 1 /"I N ... , 
'" '" '" '" '" '" '" 
... , ... , .... 
'" '" 
Age in Millions of Years 
2740 2750 
III <:> III :::> 
'" 
.... ~ III 
r- r- r- r-
'" '" '" '" 
Vl <:> III <:> 
'" 
~ ~ III 
r- r- r- r-
'" '" 
.... .... 
Figure 3.26 Zircon data from the Chinhoyi group 1 clast SY-C-1 S (a) Cndex of reliability of data vs. 
age sca tter graph; (b) Frequency within a 10 Ma interval vs . ilge histogram; (c) Weighted frequenc y 
vs. ilge histogram . See Chapter 2:4 for a full explanation of the use o f these diagrams 
J.S.Dollgherty-Page Chapter 3 
143 
10 
9 
S 
C 7 
=: 6 8 
.... 
0"'5 
Q) 
'- 4 ~ 
3 
2 
1 
(I 
10 
9 
S 
t/ 7 
-<:.J 6 
::::- 5 
Q) 
'- ~ r~ 
-
3 
2 
1 
() 
III 
l) 
S 
C7 
=: 6 Q) 
-.... C:-5 Q) 
'-~ ~ 
3 
2 
0 
A 
B 
C 
,I 
89-C-20 
n = 44 
Age in Millions of Years 
89-C-28 
n = 26 
Age in Millions of Years 
Combined Data 
n = 70 
Age of main 
frequency Peak 
2800+ 20 Ma 
,I ,I 
: 0000 0 0000 0 00 000 0000 0 0 00 0 00 0 000 
: - ("' I ,...., -,r III \0 r- 00 C\ 0 ~ N M '<t if) '0 r- 00 C\ 0 ~ N ,...., '<t if) '0 r- 00 0\ 0 
~ \O\O\O\O ~ 'O\O\O'O r-r-r-r-r-r-r- r- r- r- ~oo oooooo ~ oo~ oooo~ 
N ("'~ C'I ('j C'~ N C'~ N C'~ N N N N N N N N N N N N N N N N N N N N N N 
Age in Millions of Years 
Figure 3.27 Freq uency w ith in a 10 Ma in te rva l vs. age h istog ra m fo r the Chinhoyi g roup 1 
c l i1:;t~ R9-C-20 a nd WJ-C-2 8. ((1 ) d a ta fo r 89-C -2Ll (b ) d ata for 89-C -28 (c) combined data. 
144 Chapter 3 J. S. Dougherty-Page 
3U 
28 
26 
24 
.,., 
>. :~ u -
::: 18 Q) 
::::l 16 
0- 14 Q) 
:... 12 ~ 
UI 
1\ 
6 
-' 
2 
0 
0:> III 
~ 0 OC> 
N N 
1200 
1000 
:; 'r, C 
:.e :.e 
'" 
N 
Frequency vs. Age 
B 
=: 
00 
N 
=: 
00 
... , 
OJ') 0 III 0 OJ') 0 III 0 OJ') 0 OJ') e 
- '" '" 
..... ..... ",. ",. 
OJ') OJ') 
"" "" 
f"-
oe oe oe oe 00 oe oe oe oe OC> oe 00 
'" 
N 
'" '" '" '" '" '" '" 
,.., N 
'" 
Age in Millions of Years 
Weighted 
Frequency vs. Age 
III 0 'Il 0 III 0 III 0 III 0 .r, e III ,.., N ..... ..... 
"" 
",. III III 
"" "" 
f"- f"-
00 OC> :.e 00 oe oe oe 00 oe 00 00 00 00 
N ... , ,.., N N N N N N N N 
,.., N 
Age in Millions of Years 
OJ') 0 OJ') 0 'Il 0 
f"- oe oe 
"" "" 
0 
oe oe oe oe 00 
"" 
'" '" '" '" 
.... N 
0 III 0 III 0 
oe 00 
"" "" 
0 
00 00 oe 00 
"" N N N N N 
Figure 3.28 Zircon data from the Chinhoyi group 2 clast 89-C-21 (a) fndex of reliability of data vs . 
age sCCl tter graph; (b) Frequency within a 10 Ma interval vs. age hi stogram; (c) Weighted frequency 
vs . age hi stogram. See Chapter 2:4 for a full explanati on of the use of these diagrams 
J.S. DOllgherty- Page Chapter 3 145 
8 
7 
~ 
C.I 6 
"0 
:::: 
- 5 
>. 
..... 
:'::4 
A 
Reliability index 
vs. A~e 
89-C-23 
o +-........ --I-~ •• ~-...-+-__ --+'-
2800 2810 
22 
2820 2830 2840 2850 2860 2870 2880 
Age in Millions of Years 
:w 
18 
>. 16 
U 
c: 14 
C.I 
:::Ip 
Frequency vs. A~e 
~ -
~ 10 
~ 8 
6 
-I B 
() +-.--....,..............,--.--
::: '!? e Of) 0 on 0 on 0 III <:> on 00 N '" '" '" 
..,. ..,. III III is ii 00 QC 00 00 00 00 00 00 00 
'" '" 
,.., 
'" 
N 
'" 
N 
'" 
N N N N 
<:> on 0 
10 10 I"-
00 00 00 
N N N 
600 
Age in Millions of Years 
>. 
u 
c: 500 
C.I 
:::I 
~ 
C.I -lOO 
. 
LOO 
on 
is ~ 
... , ... , 
Wei~hted 
Frequency vs. A~e 
c 
<:> on e on <:> on e 'n <:> 'n 0 ;;; '" '" '" '" 'T ~ III 'I) 10 00 00 00 00 00 00 
"" 
00 00 00 
... , N 
'" '" '" '" 
N 
'" 
N N 
'" 
on e 
10 I"-
00 00 
N 
'" 
Age in Millions of Years 
on 
I"-
00 
'" 
or, <:> 
I"- 00 
00 00 
N N 
0 'n 00 00 QO 00 
'" 
N 
2890 2900 
'I) 0 III <:> 
00 0- 0- <:> 
00 00 00 0-
N N N N 
<:> 'I) <:> 
0- 0- <:> 
00 00 C'\ N N N 
Figure 3.29 Zircon dCltCl from the Chinhoyi group 2 clast 89-C-23 (Cl) fndex of reliability of data vs. 
ilge sCCltter graph; (b) Frequency within a 10 Ma interval vs. age hi stogram; (c) Weighted frequency 
vs. age hi stogram . See Chapter 2:4 for a full explanation of tne use of these diagrams 
146 Chapter 3 J.5.Dougherty-Page 
Photograph 3.13 High quality zircons from Chinhoyi group 2 clast 89-C-21. Width of field of 
view '" Imm. 
Photograph 3.14 High quality zircons from Chinhoyi group 2 clast 89-C-23. Width of field of 
view '" Imm. 
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3:3.4 b The Group 2 clasts 
89-C-21 
This 3.5 kg clast provided a large separate of several hundred clear, 
pinkish crystals with well developed crystal faces, primary (magmatic) 
inclusions and magmatic growth zoning. No cores or rims were observed to 
this single phase of zircon crystallisation. Six zircons were analysed in a total 
of fifty-two heating steps, the common-lead corrected ages of which are 
tabulated in appendix B and plotted in figure 3.28. There is a single peak to the 
data, slightly skewed to the left. The weighted average age of all the points is 
2875 Ma, and the 1 standard deviation error of all the points is ± 11 Ma. 
However, the ages younger than the main peak are considered to contain a 
younger component, rather than this error being entirely analytical. Therefore 
only the points within minimal contents of a younger component should be 
considered in the calculation of the error on the age of this peak. This is 
achieved by assuming that as the peak does not show "mixing" with an older' 
component, the width of the older side of the frequency peak represents the 
half-width of a normal distribution, giving a width of ± 7 Ma to the peak if the 
point at 2,892 Ma is rejected as a low-reliability "flier". Therefore the 1 
standard deviation error the age of this clast, calculated from the points 
between 2,868 and 2,882, is ± 3 Ma. 
89-C-23 
Like 89-C-21, this 2.9 kg clast also provided a large separate of several 
hundred clear, pinkish crystals with well developed crystal faces, primary 
(magmatic) inclusions and magmatic growth zoning. Again, no cores or rims 
were observed to this single phase of zircon crystallisation. Six zircons were 
analysed in a total of forty-five heating steps, the data from which are 
tabulated in appendix B and plotted in figure 3...2.9 There is a single peak to the 
data, and the weighted average age on all of these points is 2874 Ma, with a 1 
. 
standard deviation error of ± 14 Ma on all the points. The peak is skewed by 
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mixing between the main phase of zircon and a younger phase, and following 
the method detailed above for 89-C-21 width of the normal distribution is 
taken as ± 10 Ma, the points within which give a 1 standard deviation error of 
±3Ma. 
3:3.5 Summary of Data From Chinhoyi 
The earliest record of continental crust from Chinhoyi is the extremely 
well constrained crystallisation age of two group 2 c1asts at 2,875 ± 3 Ma (table 
3.3). In terms of REE, the group 2 c1asts conform to the low-alumina Archaean 
TTG model of .. Barker and Arth (1976)i and thus represented an addition of 
new siliceous material to the continental crust, consistent with = 10% partial 
melting of a metabasaltic precursor at a pressure of = 8 kbar and a. temperature 
of = 1000·C (Rapp et al. 1991). 
Sample Ph-Ph Zircon Age 
Group 1 
89-C-lS 2,720± 6Ma 
89-C-20 & 28 2,800 ± 20 (rim) ~ 2,880 (core) (combined data) 
Group 2 
89-C-21 2,875 ± 3 Ma 
89-C-23 2,874+ 3 Ma 
Table 3.3 Summary table of Pb-Pb zircon data for the Chinhoyi cIasts. 
The next event recorded is in the group 1 clasts 89-C-20 and 89-C-28, at 
2,800 ± 20 Ma. These clasts conform to the high-alumina TTG model of Barker 
and Arth, and also represent addition of new material to the continental crust. 
Their formation has been modelled by 10 to 40 0ft> partial melting of 
J. s. Dougherty- Page Chapter 3 149 
amphibolite-facies metabasalt at pressures of 0::16 kbar (double the depth at 
which melting occurred to produce group 2), with residual garnet (± 
hornblende) buffering the HREE content of the melt at a low level (Barker and 
Arth, 1976; Martin 1986; Drummond and Defant, 1990; Rapp et al. 1991; Luais 
and Hawkesworth, 1994). These c1asts record 2 phases of zircon growth, one at 
0:: 2,880 Ma, and one at 2,800 ± 20 Ma. With the degree of alteration and 
deformation that these c1asts have undergone, in the absence of Sm-Nd 
crustal residence data, it is not possible to determine whether the 2.8 Ga event 
was metamorphism of material intruded at 2,875 Ga, or if melts intruded at 2.8 
Ga assimilated the older material, which is now recorded as xenocrystic cores. 
-
However, given the larger proportion of material of "rim" age present in 
these zircons, the latter explanation is preferred. 
The youngest material recorded in the c1asts is 2,720 ± 6 Ma for a group 1 
tonalite. 
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3:4 ZIRCON GEOCHRONOLOGY ON SAMPLES FROM 
SOUTHERN ZIMBABWE. 
Three samples of tonalite from Southern Zimbabwe were selected for 
zircon dating in order to investigate possible temporal correlations between 
events in the south and north of the craton, which would provide evidence 
for the date at which the craton was assembled. The samples chosen were; the 
Mashaba Tonalite, previously dated at 2,860 ± 60 Ma (Hawkesworth et a1. 1979); 
the Chingezi Tonalite, previously dated at 2,772 ± 60 Ma (Rb-Sr, Taylor et a1. 
1991) and with a suite of ages from 2686 ± 94 to 2,874 ± 32 Ma (Pb-Pb, Taylor et 
al., 1991); and the Sesombi Tonalite, dated at 2,633 ± 140 Ma (Rb-Sr, 
Hawkesworth et al. , 1975) and 2,579 ± 160 Ma (Pb-Pb, Taylor et al., 1991). 
Further published geochronological data on these tonalites is tabulated in 
table 3.4 and displayed in figure 3.34. Their locations are shown in figure 3.30. 
3:4.1 The Sesombi Tonalite. 
The Sesombi tonalite intrudes Upper Bulawayan greens tones, 25 km to 
the north-west of Kwekwe (see figure 3.30). Crushates of homogeneous 
tonalites previously used to construct Rb-Sr (Hawkesworth et al., 1975, which 
also describes sample localities) and Pb-Pb isochrons (Taylor et al., 1991) 
(sample numbers Rh-73-176, 178 and 179) were mixed in order to facilitate 
zircon separation procedures, to give a total sample weight of 5 kg, and the 
zircon was separated . The combined sample contained abundant clear, 
adamantine, pink zircon crystals, with well developed crystal faces and 
magmatic inclusions, and no visible cores or rims (photograph 3.15). Six 
zircons were analysed, in a total of 46 heating steps. Common-Pb corrected 
ages were calculated for each eating step, and these results are plotted in figure 
3.31 and tabulated in appendix B. 
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Of these crystals, five produced a well defined normal distribution of 
data, centred around an age of 2673, and with a 1 standard deviation error of ± 
18 Ma on all the data, and ± 5 Ma if data with reliability indicies of < 1 x 108 are 
rejected. The sixth (and largest) crystal gave the slightly younger age of 2663 
Ma . This may be due to disruption of the U-Pb systematics of this zircon 
crystal, either by the presence of inclusions, or a slight initial disequilibrium of 
the U-series decay system (see Chapter 2) at the time the zircon crystallised. 
Alternatively, one of the three samples mixed for separation actually 
crystallised at this slightly younger age. The data from this zircon has a greater 
scatter of "high reliability" (uncontaminated radiogenic) data than the other 
five zircons combined, and it seems probable that the difference in ages 
recorded is due to disturbance of this crystal, rather than the samples chosen 
representing separate phases of intrusion within the Sesombi Tonalite. On 
this basis, the rejection of the data from crystal number 1 is justified, giving a 
preferred crystallisation age of 2673 ± 5 Ma for the Sesombi Tonalite. 
Photogra ph 3.15 Large, multi-faceted zircons from the Seso mbi Tonalite. The crys tals are well 
fo rmed, up to 0.4 mm in length, with magmatic zoning and inclusions. 
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3:4.2 The Chingezi Tonalite I Hokonui Formation. 
The Chingezi Tonalite outcrops to the south-west of the Belingwe 
Greenstone belt, intruding the Lower Greenstones, cutting the basal (Bvute) 
formation, but apparently coeval with the overlying Hokonui formation. 
Exposures are found in which the tonalite intrudes the volcanics of the 
Hokonui formation, but also exposures occur in which agglomerates of the 
Hokonui formation brecciate the tonalite (Taylor et al. 1991). The range of ages 
obtained by Taylor et al. (1991) on the Chingezi Tonalite (table 3.4), together 
with the variations in chemistry reported in Luais and Hawkesworth (1994) 
strongly suggests that a variety of -granitoids, intruded at different times, have 
been included within the term "Chingezi Tonalite", and that more detailed 
mapping is required if the relationships between the various intrusions 
present are to be fully understood. A· sample of tonalite was taken from a 
volcanic breccia within the Hokonui formation, as it was hoped that dating of 
this sample would also constrain the date of formation of the coeval Lower 
Bulawayan greenstones of the Belingwe Greenstone Belt. 
A 3.5 kg sample unfoliated tonalite (sample number 89-H-1) was 
collected from a very large (> 10 m) block of the Chingezi Tonalite within a 
coarse volcanic breccia of the Hokonui Formation, in the bed of the 
Mtshingwe river, = 4.5 km to the north-west of the road bridge where the 
main Zvishavane-Bulawayo road crosses the river (Lat. 20° 24' S, Long. 29° 
52' E). The metamorphic grade at this locality is very low (chlorite grade). The 
sample provided a small zircon separate, of less than 30 small clear and 
colourless zircons. Two of the larger zircons (zircons 2 and 3) were analysed 
individually, and a multiple load of 10 smaller zircons ("zircon 1") was also 
step-heated, to give the data displayed in figure 3.32 and tabulated in appendix 
B. 
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Figure 3.32 A graph of 206Pbii04Pb vs. age for zircons from 89-H-1, a sample of the Chingezi 
Tonalite collected from a volcanic breccia in the Hokonui Formation. 2 of the samples "zircon 1" 
(10 zircons heated within a single filament) and "zircon 2", a single crystal, gave suites of ages 
up to a maximum value of 2,840 Ma. The third crystal, "zircon 3", gives a clustering of data at 
2660 Ma, and is rejected as a contaminant from the Sesombi Tonalite (figure 3.31). 
The results are displayed in figure 3.32 as the 206Pb/ 204Pb ratio VS! 
common Pb corrected age. The higher the 206Pb /204Pb ratio, the less common 
Pb is present, and the "purer" the zircon analysed is. In general, it is expected 
that the 206Pb /204Pb ratio will increase with successive heating steps through a 
zircon crystal from the (often comparatively metamict and inclusion rich) rim 
to the core. These zircons were analysed in a series of extremely short 
deposition cycles in order to maximise the resolution of any zoning present, 
but as a consequence of this, the beam intensities were very low. Therefore for 
this rock (and also the Mashaba Tonalite) the 206Pb /204Pb ratio gives a clearer 
indication of the zonation of the zircons than the reliability index or frequency 
diagrams which are usually used in this work. 
Zircons 1 and 2 gave suites of ages in which there is a general increase 
in 206Pb/ 204Pb ratio with age, up to a maximuIl\ age of 2,840 Ma. These data are 
" 
interpreted as a minimum crystallisation age of ~ 2,840 Ma for the Chingezi 
• 
Tonalite, with the younger suite of ages representing partial re-setting through 
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lead loss. It is not possible to determine whether this lead loss was due to a 
thermal "event", or simply continuous diffusion from the metamict portions 
of these small crystals. The third zircon gave a cluster of ages at "" 2,660 Ma, a 
date younger than the Pb-Pb age of the brecciated tonalites in this locality (2,764 
± 30, calculated from data for "Locality 12" in Taylor et al., 1991). The lack of 
agreement between the data from this zircon and the other zircons analysed, 
combined with fact that the zircon gives a younger age than the Pb-Pb whole 
rock data (which will undergo open system behaviour and re-setting under far 
lower metamorphic conditions than zircon), strongly suggests that this zircon 
is a contaminant from another sample (probably the Sesombi Tonalite), and 
should be discounted in the calculation of the age of the Chingezi Tonalite. 
3.4.3 The Mashaba Tonalite 
A 2.5 kg sample of tonalite, from a weakly foliated homogeneous 
tonalitic sill cutting the"" 3.5 Ga Mashaba gneisses (sample nun;.ber 89Zb-12, 
supplied by B.Luais) was crushed and the zircons extracted. The sample 
provided a small, very heterogeneous population of white, transparent 
zircons, with obvious cores and rims. A single, large ("" 0.3 mm) crystal was 
heated in 16 steps, to provide the data displayed in figure 3.33, tabulated in 
appendix B. 206Pb/ 2o4Pb data for the zircons analysed are plotted against age, 
together with the corresponding 208Pb/ 206Pb ratios. 208Pb is produced by the 
decay of 232Th, while 206Pb is produced by the decay of 238U. Therefore the 
208Pb /206Pb ratio may be used to give an indication of any zonation of Th/U 
ra tios within the zircons analysed. 
A suite of ages between 2.70 Ga and 3.25 Ga was recorded, and given the 
length of the time-span over which these ages are spread, combined with the 
lack of any statistically significant clusterings of data, no accurate inferences on 
the crystallisation history of this clast may be made, other than to say that the 
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main crystallisation event(s) occurred between 2,800 and 3,050 Ma, with a 
minimum age for the zircon cores of ~ 3,250 Ma. 
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Figure 3.33 A graph of 206pb /204Pb and 208Pb / 206pb vs. age for a single zircon from the 
Mashaba Tonalite (sample 89Zb-12, supplied by B.Luais). There is a suite of ages up to 3,250 
Ma. The shaded region indicates the possible crystallisation date of a high 208pb /206pb phase 
of zircon at =- 2.87 Ga, coincident with the Rb-Sr age of the rock. (2860 ± 60 Ma). 
The Mashaba Tonalite has been interpreted as representing a partial 
melt of earlier greens tones (Luais and Hawkesworth, 1994) and these cores 
may therefore give an indication of the minimum age of the source region. 
Alternatively, as the Mashaba tonalite intrudes the"'" 3.5 Ga Tokwe gneisses, 
these ancient cores may be xenocrysts derived from the surrounding terrain. It 
is interesting to note that there is a clustering of four 207Pb /206Pb ages (the 
shaded region on figure 3.33) with high 208Pb/ 206Pb ratios, possibly indicating 
that this cluster of data represents a single phase of zircon crystallisation 
(Kober, 1987), at ::::: 2.87 Ga, the Rb-Sr age of this rock. However, without 
corroborating data from other zircons, this must be regarded 'as unproven. 
Unfortunately, the small size and complex crystallisation histories of the 
, , . 
,-
remaining few crystals prevented any further analysis of this sample, but a 
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larger (>10 kg) quantity of rock would provide more large crystals, and thus 
would allow accurate dating of complex crystallisation histories such as this. 
3:5 DISCUSSION 
Locality Age 
89-5-26 3.34 Ga 
Group 1 
89-5-14 2,800 ± 20 (rim) 3,197 ± 10 Ma (core) 2.98Ga 
Shamva 89-5-23 = 2,800 Ma = 2,920 Ma ~ 3,182 Ma (core) 3.16 Ga 
Group 2 
89-5-12 =2,680 Ma 2,921 ± 10 Ma 3.13 Ga 
89-5-19 =2,650 Ma 2,920±30 Ma 3.17 Ga 
89-5-25 =2,670 Ma 2,924±5Ma ~ 3,116 Ma (core) 3.20 Ga· 
All Group 2 2,925± 10 Ma 
Group 1 
89-C-15 2,720± 6 Ma 
89-C-20 2,800 ± 20 Ma (rim) :::: 2,880 Ma (cpre) 
Chinhoyi &28 
Group 2 
89-C-21 2,875±3 Ma 
89-C-23 2,874 ± 3 Ma 
Sesombi Tonalite 2,673±5 Ma 
Mashaba Tonalite 
89-Zb-12 2.95 ± 0.1 Ga (rim) > 3.25 Ga (core) 
Chingezi Tonalite > 2.84 Ga (core) 
Table 3.5. Summary table of geochronological work on Shamva, Chinhoyi, Sesombi, Mashaba 
and Chingezi carried out in this thesis. Zircon dates are in bold type, Sm-Nd TDM model ages 
are in italics. 
Using a combination of geochronological (zircon and Sm-Nd) and 
geochemical data, an outline of the history of the early continental crust of 
Northern Zimbabwe may be deduced. Table 3.5 summarises the 
geochronological data obtained in this study, and table 3.4 and figure 3.34 
summarise some relevant previous geochronological work on both granitoids 
and supracrustals from throughout Zimbabwe. 
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LATE "GRANITES" 
Chilimanzi Rb-Sr 2570±25 (9) 
Chinamora U-Pb Zircon 2601±14 (7) 
UPPER BULAWAYAN 
Chinamora Post-Tectonic 
Tonalite 
Sombula Tonalite 
Scsombi Tonalite 
Shamvaian Syn-depositional 
porphry . 
White Waters Tonalite 
Wedza Tonalite 
CreellS(Olles 
Iron Mask Fm. 
Arcturus Fm. 
Maparu Fm. 
Passaford Fm. 
MID-ARCHAEAN 
Chingezi Tonalite (Locality 8) 
(Locality 9) 
(Locality 10) 
. (Localities 14-17) 
(in Hokonui vent agglomerate) 
(All localities except 9 & vent) 
Rhodesdale Gneiss 
Umwindsi Gneiss 
Mashaba Tonalite 
U-Pb Zircon 
Rb-Sr 
Pb-Pb 
Sm-Nd 
Rb-Sr (whole rock) 
Rb-Sr (muscovite) 
Rb-Sr (biotite) 
Rb-Sr (feldspar) 
Pb-Pb 
Sm-Nd 
U-Pb Zircon 
Sm-Nd 
Rb-Sr 
Zircon 
U-Pb Zircon 
Zircon (SHRIMP) 
Sm-Nd 
Pb-Pb 
Sm-Nd 
Zircon (SHRIMP) 
Zircon (SHRIMP) 
Pb-Pb 
Sm-Nd 
Pb-Pb 
Sm-Nd 
Pb-Pb 
Pb-Pb 
Sm-Nd 
Pb-Pb 
Rb-Sr 
Rb-Sr 
Rb-Sr 
Pb-Pb 
Sm-Nd 
Rb-Sr 
Rb-Sr 
Detrital Zircon Abundance Peak 
in Southern Zimbabwe Zircon (Sf-IRIMP) 
2664±6 (7) 
2594±80 (3) 
2752±52 (2) 
2.74 Ga TDM (2) 
2633±140 (4) 
2.61 Ga ±1 % (10) 
2.56 Ga ±1 % (10) 
2.47 Ga ±1 % (10) 
2579±164 (2) 
2.68 Ga TDM (2) 
2672±12 (7) 
2648±81 (6) 
2680±104 (5) 
2667±4 (7) 
2713±15 (7) 
2645±4 (8) 
2.91 Ga TDM (5) 
2659±4 (2) 
2.80 Ga TDM (2) 
2697± 9 (8) 
2643 ± 8 (8) 
2800±76 (2) 
3.05 Ga TDM (2) 
2874±32 (2) 
2.95 Ga TDM (2) 
2825±100 (2) 
2686±94 (2) 
2.98 Ga TDM (2) 
2764±30 (2*) 
2772±60 (2) 
2690±140 (4) 
2700±80 (3) 
2976±125 (3) 
2.99 Ga TDM (2) 
2860±135 (5) 
2860±60 (10) 
3.2 Ga (1) 
Tahle 3.4. Some previous geochronological work on Zimbabwe. (l)Dodson et al., 1988; (2)Taylor et al., 
(l)')[; (2*) calculateo from oala in Taylor et al. 1991; (3)¥oorbath, 1977; (4)Hawkesworth et al., 1975; 
(:')Galdock ano Evans. 19H8: (6)NERC Geoscience Lab report 1990·'92; (7)Jelsrna, 1993; (8)Nesbitt et al. 
(lIllplIolished oata); (9)Hickman. 1978; (10) Hawkeswortll et al. 1979. 
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Figure 3.34 Shows the data presented in tables 3.5 and 3.5, comparing the zircon data obtained in 
this work (horizontal lines, with grey shading to represent error bars) with previously published 
da ta (black squares with vertical error bars) 
Prior to this study, the only indications of continental material older than the 
Upper Bulawayan in Northern Zimbabwe were rare gneisses such as the Umwindsi 
Gneiss, dated at 2,860 ± 135 Ma (Rb-Sr, Baldock and Evans, 1988; table 3.4), and Sm-
Nd TDM model ages up to 200 Ma greater than the extrusion age for Upper 
Bulawayan Greenstones such as the Iron Mask formation (table 3.4) indicating 
contamination with a pre-existing enriched crustal reservoir. There were no 
indications of the presence of material older than the::::: 2.9 Ga Lower Bulawayan. 
One of the sample localities, Chinhoyi, has confirmed this view, with a crustal 
history extending only as far as 2,875 ± 3 Ma, whereas the clasts analysed from 
Shamva indicate a long and complex crustal history prior to the Lower Bulawayan. 
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The group 1 5hamva and Chinhoyi clasts 89-5-14, 89-C-20 and 28 show 
that assimilation of pre-existing continental crust by "juvenile" (ie new 
additions of material to the continental crust) TTG-suite magmas was 
common. The 5hamva group 2 clasts show that intra-crustal melting episodes 
occurred in which existing crustal material was homogenised, and variable 
amounts of juvenile TTG added. In terms of 5m-Nd model ages, these 
processes will cause an averaging effect, such that material from two minor 
phases of crustal growth will be interpreted as a single, larger event of 
intermediate age. If the relative proportions of material are not known, then it 
is impossible to interpr=.t whether the older component was small, and 
considerably older than the younger component, or large, and close in age to 
the younger component. Therefore 5m-Nd model ages on materials which 
average the composition of a portion of continental crust (such as granitoids 
produced by intra-crustal melting, or sediments) may overestimate the rate of 
late Archaean crust formation, and underestimate the maximum age of 
continental material present. The combined zircon and 5m-Nd data presented 
in this chapter for the 5hamva region strongly suggest that the earliest 
nucleus of continental material in this region was extremely ancient, possibly 
several hundred million years older than the 5m-Nd TDM model age of clast 
89-5-26. The complex, multiply zoned zircons in this sample indicate that this 
age may be also be an average of several components, and should therefore be 
regarded as a minimum age. Zircon crystallisation dates demonstrate that the 
early crust was augmented in a frequent succession of episodes of TTG 
intrusion. 
Unlike 5hamva, the oldest clasts recorded from Chinhoyi give a well-
defined crystallisation age of 2,875 ± 3 Ma. 5m-Nd analyses were not carried 
out on these clasts, so model ages are not available, but the lack of any cores 
, 
,. 
within these zircons indicates that no older granitoids were assimilated. The 
earliest granitoids recorded were members of the low-alumina TTG suite, 
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while younger clasts were of the high alumina suite. Experimental and 
theoretical modeling (eg Rapp et al. 1991; Barker and Arth, 1976) of the 
formation of such granitoids indicates that both may be formed by partial 
melting of the same metabasite protolith, with depth of melting controlling 
the chemistry of the resultant melts - melting at ::::: 8 kbar giving the low 
alumina suite, and melting at pressures between 12 and 30 kbars giving the 
high alumina suite (Rapp et al. 1991). This increase in depth of melting is used 
in Chapter 4 in the construction of a model for the formation of early 
continental crust. 
3:5.1 Temporal correlations between Chinhoyi, Shamva, and the rest 
of the Zimbabwe Craton. 
The Shamva clasts record a crustal history (table 3.5) extending back as 
far as 3.34 Ga, with a significant episode of crustal growth indicated by zircon 
crystallisation at :::::3,200 Ma, Sm-Nd model ages and chemical mpdelling. This 
correlates well with a detrital zircon abundance peak of 3.2 Ga (Dodson et al. 
1988) in the "Wanderer Formation" - sediments of similar (Upper Bulawayan) 
age (Tsomondo et al., 1992) in Southern Zimbabwe, possibly indicating that 
the "Shamva Terrain" and the Tokwe segment of Southern Zimbabwe were 
already joined by 3.2 Ga. The next episode recorded at Shamva is one of crustal 
re-working at :::::2,925 Ma, and the final event recorded is at 2,800 ± 20 Ma. By 
contrast, the Chinhoyi clasts record a shorter history, with the first recorded 
event at 2,875 ± 3 Ma, and subsequent events at 2,800 ± 20 and 2720 ± 6 Ma. 
This last age is identical within error of a U-Pb zircon age obtained on a 
rhyolite within the basal (Iron Mask) formation of the Shamva-Harare 
Greenstone belt (2,713 ± 15 Ma, Jelsma, 1993; table 3.4), indicating that one of 
the results of the "event" at this time was the simultaneous extrusion of 
greens tone-belt supracrustals and the intrusion of TTG-suite granitoids in 
Northern Zimbabwe. 
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A "2.9 Ga event" has been recorded in Southern Zimbabwe 
(Hawkesworth et al. 1979), and it is obviously of interest to determine whether 
this correlates with the 2,925 Ma event recorded at Shamva; the 2,875 ± 3 Ma 
event in Chinhoyi, or the 2,800 ± 20 Ma event recorded in both Shamva and 
Chinhoyi. Existing dates on Southern Zimbabwe using Rb-Sr and Pb-Pb 
isochron methods of dating are within error of any of these events (table 3.4). 
Unfortunately, attempts to obtain high-precision dates the Mashaba and 
Chingezi tonalites in this project were unsuccessful (section 3:4) due to the 
complexity of the zircons in the Mashaba Tonalite and the small size and 
rarity of zircons in the sal!1.ple from the Chingezi Tonalite. 
Syn-depositional porphyries within the Shamvaian sediments have 
been dated at 2672 ± 12 Ma (Jelsma, 1993 by U-Pb zircon; table 3.4), and the age 
of 2673 ± 5 Ma for the Sesombi Tonalite (this work; table 3.5), both confirms 
that the Shamvaian and Sesombi suites were indeed coeval, and also that the 
Wedza Suite of syn-deformational tonalites in the Harare area (dated at 2667 ± 
4 Ma by U-Pb zircon, Jelsma, 1993) are coeval with the Sesombi Suite of 
tonalites. The dominance of supracrustal greens tone belts towards the west of 
the era ton may indicate that the west is preserved at a higher structural level 
than the east. Therefore the observed structural differences between the 
weakly deformed Sesombi suite of tonalites in the west, and the often 
gneissose Wedza suite of tonalites to the east are interpreted as due to 
differences in erosion level through coeval suites of granitoids. 
The Shamva group 2 clasts all record a poorly defined age during the 
Upper Bulawayan "event". The coincidence of these ages, both with each 
other and a known event strongly suggests that the recorded ages record a true 
episode of zircon crystallisation. This episode of zircon growth may have been 
caused by either the lower amphibolite facies' metamorphism of the belt, the 
peak of which occurred at::::: 2,650 Ma (Jelsn:ta, 1993), or this youngest recorded 
phase of zircon may have crystallised from the same hydrothermal solutions 
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which caused the gold mineralisation seen at Shamva, which also occurred at 
this time. 
3:5.2 Comment on the Applicability of the Kober Technique of Pb-Pb 
Zircon Dating Combined with a "Reliability Index" of Pb-Pb Data to 
the Archaean Tonalites in this Study 
This study has demonstrated that for rocks with simple histories, such 
as the Sesombi Tonalite and some of the Chinhoyi clasts, the Kober technique 
allows very high precision (± 0.1 %) dating of Archaean granitoids, with 
sufficient data for a high precision date generally supplied by only 6 zircons, 
which may be analysed in a single day's machine-time. This rapid data 
acquisition, combined with the lack of any chemical procedures, gives the 
Kober technique an obvious advantage over conventional dissolution and U-
Pb analysis of zircon. The reproducibility of the techniqi..te has been 
demonstrated by the close correspondence of the dates of the Chinhoyi clasts 
89-C-21 and 89-C-23 (2875 ± 3 Ma and 2874 ± 3 Ma respectively), and a good 
correlation between U-Pb dissolution and the Kober technique has been 
illustrated by the agreement of dates for the Sesombi and Wedza Tonalites 
(2,673 ± 5 Ma (this study) and 2,667 ± 4 Ma (Jelsma, 1993) respectively). 
Although the Kober Technique is capable of providing high precision 
analyses on zircons with simple histories, such crystals are rare in rocks with 
complex histories. An example of this is provided by Kroner and Todt (1988) 
in an investigation of the Barberton greenstone belt, where only 6 large, single 
stage zircons of suitable quality for dating by the Kober technique were 
extracted from more than 20 kg of sample. The usefulness of the "reliability 
index" in constraining complex crystallisation histories has been 
demonstrated in this study by the dating of the clasts from Shamva, where the 
use of the index allowed accurate constraints to be placed on samples with 
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complex, multi-stage crystallisation histories. Furthermore, use of the index 
was able to show that one of the zircons analysed from the Sesombi Tonalite 
had undergone a slight perturbation of its U-Pb systematics, allowing the data 
from this zircon to be discarded in the determination of the age of the tonalite. 
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Chapter Four 
Models for the Formation and 
Stabilisation of Archaean 
Continental Crust 
4:1 INTRODUCTION 
The study of granitoid clasts in Late Archaean sediments detailed in 
Chapter 3 has provided a unique insight into the longevity, rate of formation 
and chemistry of the early continental crust of northern Zimbabwe prior to the 
stabilisation of the craton between 2,700 and 2,600 Ma ago. Geochronological 
work has shown that the two regions studied had long and complex histories 
prior to the Upper Bulawayan "event", while geochemical data on the early 
crust indicates that it was dominated by Tonalite-Trondhjemite-Granodiorite 
(TTG) - suite granitoids, within which (at Chinhoyi), there appears to have 
been a temporal progression in granitoid chemistry, from low:- to high-
alumina TTG-suite granitoids. There is also a marked disparity between the 
chemistry of the early TTG dominated continental crust recorded both at 
Shamva and Chinhoyi, and the calc-alkaline granitoids which intruded most 
of the craton at the time of the Upper Bulawayan "event". Using this 
information, this chapter reviews models for the formation, growth and 
stabilisation of the Archaean Craton in Zimbabwe. 
The chemical differences between the (sodic) TIG granitoids of the early 
continent and the (potassic) calc-alkaline granitoids of the Upper Bulawayan 
event which culminated in the stabilisation of the craton require separate 
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models to explain the formation of early continental crust and its stabilisation 
in the late Archaean. The model invoked for the formation of early 
continental crust considers the possible effects of a hotter Archaean mantle on 
the nature of Archaean tectonic processes, and requires that the earliest crust 
was composed primarily of TTG, formed by partial melting of metabasalt, with 
a temporal progression from the low-alumina suite TTG to the (dominant) 
high-alumina TTG suite. It should be stressed that within the craton, this 
progression was diachronous, and that high-alumina TTG granitoids were 
formed in the Shamva region at least 300 Ma before the low alumina TTG 
rocks at Chinhoyi. 
The model invoked for the Upper Bulawayan "event" and crustal 
stabilisation incorporates the following factors : (i) the contemporaneous 
occurrence of the effects of the event over the entire craton. (ii) A magmatic 
progression from greenstone belt volcanism, to the intrusion of cale-alkaline 
granitoids, to the intrusion of "late granites" rich in radioactive elements. (iii) ~ 
The formation of depleted sub-cratonic lithosphere. (iv) The chemical 
differences between" Archaean" and "Post-Archaean" sediments. 
4:2 THE EARLY CONTINENTAL CRUST. 
4:2.1 Archaean oceanic crust and tectonic regimes. 
The petrogenetic models outlined in Chapter 3 indicate that Archaean 
TTG suite granitoids were formed by partial melting of amphibolite facies 
metabasalts, and the dominantly siliceous nature of Archaean continental 
crust indicates that the basaltic material was somehow removed from the site 
of generation of granitoid melts. Applying uniformitarian principles, oceanic 
• 
crust would be capable of suppling the large volumes of basalt required, and 
this crust could be moved through the site of melt generation by subduction. 
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Therefore, any discussion of the processes by which Archaean continental 
crust was formed requires some understanding of Archaean oceanic crust and 
the processes by which it may have been created and destroyed. 
Radiogenic heat production was between 2.65 and 3.4 times greater at 2.8 
Ga (depending on the bulk K:U ratio which is taken for the Earth) than at 
present (Bickle, 1978). Unless the heat producing radioactive elements were 
somehow concentrated into the surface layers of the young planet (Galer and 
Goldstein, 1991), then the inevitable consequence is that the mantle was hotter 
in the Archaean than at the present day. Estimates vary for how much hotter 
the mantle may have been, with an upper limit of up to 450·C hotter, based on 
the extrusion temperatures of komatiites (eg Arndt, 1983). However, such 
temperatures would lead to the upper mantle being extensively partially 
molten to a depth of 250 km (Nisbet and Walker, 1982), and therefore the 
temperatures responsible for the formation of komatiites must have been 
anomalously high and localised, probably related to mantle plumes (Campbell 
et al. 1989). Temperatures in modern plumes are 200 to 300·C hotter than the 
present average mantle "potential temperature" of l,280·C (McKenzie and 
Bickle, 1988). ("Potential temperatures" are temperatures corrected to one 
atmosphere pressure, eliminating the adiabatic increase of temperature as a 
function of depth within the mantle). 
Mathematical models suggest that the differences between ambient 
mantle temperatures and temperatures within mantle plumes were similar in 
the Archaean to the present day (CampbeU and Jarvis, 1984; Bickle, 1986; 
Campbell and Griffiths, 1992; Nisbet et al. 1993). Therefore, as shown in figure 
4.1, Nisbet et al. (1993) used the calculated extrusion temperatures of 
komatiites, the products of Archaean plumes, to constrain the potential 
temperature of the Archaean mantle to ::::: 1600·C at the time of the extrusion 
of the Barberton greens tone belt (3.5 Ga; de Wit, 1992), and to "'" 1500·C at the 
time of the extrusion of the Upper Greenstones of the Belingwe belt of 
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Zimbabwe (2,692 ± 9 Ma; Chauvel et al. 1993). Temperature estimates of 
plumes are based on the MgO content of komatiitic liquids, determined from 
glassy chilled margins or calculated from the forsterite contents of olivines. 
The calculations require that the olivines are at equilibrium with the liquid 
under investigation, and the olivine to liquid Mg to Fe partition coefficient 
must be precisely known. This coefficient depends on the temperature, 
pressure and oxygen fugacity at which the olivine crystallised. Thus the 
assumptions necessary to calculate an extrusion temperature introduce errors 
of "'" ± SO°C to the calculated temperatures (figure 4.1). However, it should be 
noted that although the temperature estimates of Nisbet et al. are the most 
robust estimates available on the temperatures of Archaean plumes, a further 
set of calculations is required to relate these to average mantle temperatures . 
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Figure 4.1 Potential temperatures of Archaean plumes estimated from komatiites. Plume 
temperatures are assumed to be = 300·C higher than average mantle temperatures, thus closely 
relating the thermal evolution of the mantle to a secular cooling curve (after Nisbet et al. 1993). 
Mathematical models (eg CampbeU and Jarvis 1984, Nisbet and Walker, 
1982) indicate that if ambient mantle potential temperatures in the Archaean 
were more than 200 to 2S0°C hotter than at present, mantle convection would 
have been chaotic, and an upper mantle partial melt zone. would have 
encircled the globe. Therefore several aut~ors (Galer,1991; Campbell and 
Griffiths, 1992; Davies, 1992) estimate that the Archaean upper mantle was on 
170 Chapter 4 l.S. Dougherty-Page 
average only SO to 150'C hotter than at present. The estimates of Campbell and 
Griffiths (1992) and Davies (1992) are based on the chemistry (MgO) of tholeiitic 
basalts dominant within the mafic sequences of greens tone belt volcanics. 
Recent detailed geochemical analysis of these basalts has indicated that these 
lavas were produced by melting under thick lithosphere (Arndt and Albarede, 
1992), whereas CampbeU and Griffiths (1992) used thermal models which 
assume that melting could proceed to similar depths as modern oceanic 
basalts. To achieve the same percentage of partial melting (and hence MgO 
content) at a greater depth requires higher potential temperatures. Therefore 
the comparatively low estimates of the temperature of the Archaean mantle 
made by Campbell and Griffiths (1992) and Davies (1992) are possibly 
underestimates of the true temperature. 
When the error bars on the temperature estimates discussed above are 
considered, the upper limits of mantle temperature estimated by mathematical 
models and the lower limits of mantle temperature estimated from komatiite 
models overlap. In this thesis, this overlap of temperature estimates is taken 
as the most probable temperature of the Archaean mantle, giving a potential 
temperature for the mid-Archaean mantle of 1450'C ± 50'C, approximately 
170'C hotter than the mantle today. 
At the present day, the earth loses 65% of its heat through the 
construction and destruction of oceanic crust by plate tectonic processes 
(England and Bickle, 1984). Clearly, any uniformitarian model of the Archaean 
thermal regime should incorporate the dominant mechanism by which the 
mantle is cooled at the present day. However, because of the higher 
temperature of the Archaean mantle, the principle of uniformitarianism 
cannot be directly applied to Archaean plate tectonic processes. The effects of 
higher mantle temperature on Archaean tectonics are considered below. 
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The base of the Iithosphere. is thermally defined (McKenzie and Bickle, 
1988), and therefore higher Archaean mantle temperatures would inevitably 
have lead to the Archaean oceanic lithosphere being thinner than modern 
oceanic lithosphere of similar age. Higher upper mantle temperatures cause 
increased melting at mid-ocean ridges, producing larger volumes of basic 
magmas, resulting in thicker oceanic crust (McKenzie and Bickle, 1988). Figure 
4.2 shows a curve from Galer (1991) relating mantle potential temperature to 
the thickness of oceanic crust. This curve predicts that if the mantle was 170°C 
hotter than at present the resulting thickness of oceanic crust would have been 
::::: 22 km. Therefore, Archqean oceanic plates would have contained a larger 
proportion (by a factor of two to three) of crust to lithospheric mantle than 
modern oceanic plates. The greater heat loss necessary from the mantle to 
accommodate the higher radiogenic heat production in the Archaean may 
have been accommodated by either greater ridge length (Hargraves, 1986), or by 
faster plate motion (Abbott and Hoffman, 1984; Christensen, 1985; Martin~ 
1986; Davies, 1992). 
u 50 
.-C 
Q 40 v u ,,-., 0] 
~'-' 30 
..... 
Cl) Cl) 
03 2 20 JjU 
10 u 
.-~ A B 0 
1100 1200 1300 1400 1500 1600 
Mantle Potential Temperature CC) 
Figure 4.2 A curve relating mantle potential temperature to thickness of oceanic crust (after 
Galer, 1991), predicting (A) 7 km thick oceanic crust for a modern upper mantle potential 
temperature of 1280·C, and (B) ... 22 km thick oceanic crust for a 170·C hotter Archaean mantle. 
The second factor which must be considered in any model of Archaean 
plate tectonics is the mechanism by which oceanic crust was returned to the 
172 Chapter 4 J.S. Dougherty-Page 
mantle. At the present day this is achieved by subduction, in which old (at the 
present day, the average age of oceanic crust upon subduction is 100 Ma 
(Parsons, 1982)), comparatively cold and dense oceanic lithosphere sinks into 
the underlying mantle, primarily by virtue of its density. However, there 
would have been major differences in the Archaean. 
Modern basaltic oceanic crust has a density of 2.95 g cm-3 (Turcotte and 
Schubert, 1982), and the peridotites of the oceanic lithospheric mantle have 
(normative) densities of 3.33 to 3.34 g cm-3 (Hawkesworth et al. 1990). 
Therefore it is the lithospheric component of oceanic plates which raises the 
average density of the plate to a value at which subduction into the mantle is 
possible. In the Archaean (as discussed above) oceanic plates contained a larger 
proportion of oceanic crust to lithospheric mantle. Therefore Archaean 
oceanic plates would have had a lower density than modern oceanic plates. It 
has been argued that the density of Archaean oceanic plates could have been 
increased to a value at which subduction was possible if the Archaean oceanic 
crust was komatiitic (eg Arndt, 1983), thus facilitating subduction. However, 
this requires an implausibly hot mantle, and the residues of such melting, 
which would make up the oceanic lithospheric mantle, would be less dense 
than modern lithospheric mantle (Hawkesworth et al. 1990; Davies, 1992; 
1993), again resulting in buoyant oceanic plates. The density of Archaean 
oceanic plates may have been further reduced if the larger amount of heat loss 
required from the mantle was being accommodated by faster plate motion. In 
this instance oceanic plates would be young (and therefore hot, with a 
relatively low density) on arrival at the site of plate destruction (Condie, 1986; 
Martin, 1986; Davies, 1992, 1993). In addition, the density of the oceanic crust 
may have been still further reduced by hydrothermal alteration (to the::::: 500·C 
-
isotherm - the stability limit of serpentine) to values as low as low as 2.67 
g/ cm3 (de Wit et aI, 1992). To some extent, the lower density of Archaean 
oceanic plates would have been offset by the lower density and viscosity of the 
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hot Archaean mantle (Nisbet and Walker, 1982), but it is probable that the 
return of oceanic plates to the mantle was harder to achieve in the Archaean 
than at the present day. 
Several authors have suggested models for the possible consequences of 
higher Archaean mantle temperatures and buoyant oceanic plates on plate 
tectonic processes. These models range from subduction processes similar to 
those operating at the present day, but with shallower angles of subduction 
and higher geotherms within subduction zones (Condie, 1986; Martin, 1986), to 
non-uniformitarian models in which the buoyancy of oceanic plates caused 
them to stack over sites where they entered the mantle to produce a pile of 
slabs of oceanic material. 
, '-\ / 
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Figure 4.3 A non-uniformitarian model for Archaean plate tectonic processes (Davies, 1992) in 
which the inherent buoyancy of oceanic crust prevents it being easily returned to the mantle. 
Oceanic crust piles up over symmetrical "subduction" zones, and may only return into the mantle 
once it had entered the eclogite field. 
Models have been proposed in which oceanic material was underthrust 
beneath a slab pile (Rapp, 1991; Davies, 1992) or obducted on top of it (de Wit 
et al. 1992). In either case, the base of the slab pile would eventually reach the 
eclogite or garnet granulite field, where it would have had a slight density 
excess over the underlying mantle (approximately 80 kg/m3; Davies 1992), and 
so be capable of sinking into the underlymg mantle, either in a continuous 
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process, or as periodic "drips" as the dense base of the slab pile delaminated 
(Davies, 1992). 
The processes by which Archaean oceanic crust was destroyed may have 
been asymmetric, as with modern subduction zones, or they may have been 
symmetrical, as shown in figure 4.3. This model is clearly significantly 
different from recent subduction zones, and therefore the nomenclature of 
such sites of the destruction of oceanic crust becomes important. Simply to 
refer to them as subduction zones, with the modern implications of old, cold, 
dense lithosphere entering the mantle along Benioff Zones ignores the 
differences between Archaean and modern processes. However, use of terms 
such as "sites of return of oceanic plates to the mantle" seems unnecessarily 
clumsy. Here the sites and processes will be referred to as subduction, but with 
the caveat 5.1. (sensu lato), indicating 'that all that is implied is the return of 
basic plates, produced at the Archaean equivalent of mid-ocean ridges, to the 
mantle. 
In the following discussion of models for Archaean crust formation, 
Archaean subduction 5.1. processes are shown as asymmetric. This is partly for 
reasons of clarity, and partly based on the consideration that for symmetrical 
subduction 5.1. processes to occur, the colliding plates must have had the same 
density as each other. The age of plates is an important factor determining 
their densities, and it is considered unlikely that two colliding plates would 
necessarily be the same age. There would therefore have been a tendency for 
the older, denser plate to sink faster than the younger plate, thus developing 
an asymmetric system of subduction 5.1.. 
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Figure 4.4 An age map of the Zimbabwe craton, showing the;;:: 3.8 Ca Tokwe segment, the area 
w ithin which rocks older than 2.9 Ca have been recognised, and the region of "Kwekwe" type 
leads (analysed from galenas, Robertson, 1973) which contain a component;;:: 3.5 Ca old (Kramers 
and Fos ter, 1982). These demonstrate that the craton grew first to the north, and then to towards 
the north-west. However, there is insufficient data from the east of the craton to show how and 
when this portion of the craton formed . 
4:2.2 Formation and growth of proto-continents. 
Although the Sm-Nd TOM model age of clast 89-S-26 sets a minimum 
age for continental crust within the Shamva region of 3.34 Ga, the date at 
which continental crust was first formed in the Shamva region is difficult to 
es tablish. At Chinhoyi, the earliest continental crust recognised has a well 
defined crystallisation age of 2,875 ± 3 Ma, almost 500 Ma younger than the 
minimum age for the oldest material in the Shamva region. The striking 
difference in duration of crustal histories recorded at the Shamva and 
Chinhoyi clast localities indicates that lateral growth of continental crust may 
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have occurred in the Archaean. When other isotope systems are taken into 
consideration throughout the Zimbabwe craton (figure 4.4), this does appear to 
be the case, with the continent nucleating with the Tokwe segment in the early 
Archaean, and then growing first to the north, and then to the north-west. 
However, this model is based on a relatively small data set, and further data 
are required, especially to the east of the craton, where dating would show if 
the growth of the craton was symmetrical (occurring on both flanks at the 
same time) or asymmetrical. 
As the earliest history of the Shamva region is poorly constrained, the 
geochronology and geochemistry of the earliest material recorded from 
Chinhoyi is used in constructing a model for the initial formation of 
continental nuc1eii. It should be stressed that the models invoked require 
horizontal plate motions, and thus allow a diachronous progression of 
processes from the initial construction of continental crust at the margins of 
the young continent, (or at a new site of the generation of continental crust) to 
the processes by which older, thicker, more stable continental crust is 
augmented. Chinhoyi, at the margin of the craton, is used as an example of the 
processes by which continental crust is initially formed at a given locality. The 
oldest granitoids preserved at Chinhoyi are members of the low-alumina TTG 
suite (Chapter 3:3.2), such as the clasts 89-C-21 and 89-C-23, which have been 
dated (Chapter 3:3.5) to give a well constrained zircon crystallization age of 
2,875 ± 3 Ma. The model invoked for the formation of this suite, based on 
experimental petrology carried out by Rapp et al. (1991) involves:::; 10% partial 
melting of amphibolite facies metabasalt at a depth of ::= 25 km (8 kbar) and a 
temperature of 1000·C (Chapter 3:3.3). 
Such conditions would have been achieved early in the history of an 
Archaean subduction s.l. zone, by partial melting of thick oceanic crust 
underthrust beneath another oceanic plate (figure 4.5). This model requires a 
far higher geothermal gradient than is present in modern subduction zones, 
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which may have been achieved by a combination of the higher potential 
temperature of the Archaean mantle (Nisbet et al. 1993), subduction 5.1. of 
younger, hotter oceanic crust (Condie, 1986; Martin, 1986; Davies, 1992, 1993), 
and the thin Archaean oceanic plate undergoing rapid conductive heating as it 
attempted to attain thermal equilibrium with the mantle (as Archaean oceanic 
plates were thinner, they would attain thermal equilibrium through 
conductive processes more rapidly than thicker modern plates). 
Figure 4.5 The production of the low-alumina TIC suite by partial melting of underthrust thick 
oceanic crust. 
However, as has been discussed previously, Archaean oceamc plates 
would probably not have subducted s.l. efficiently, resulting in slabs of oceanic 
material stacking over subduction s.l. sites. As the slab pile grew by continued 
subduction 5.1. of oceanic crust, the upper surface of new material introduced 
to the site by continued subduction 5.1. would no longer be in contact with the 
hot base of young oceanic crust, but instead would be in contact with older, 
cooler material. Therefore, as a site of subduction 5.1. evolved, the depth of 
melting would increase (figure 4.6). 
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Figure 4.6 Generation of high alumina TIC (OX" hatching) by the partial melti~g of metabasalt 
in the base of pile of slabs of oceanic crust. The base of the pile is in the eclogite field (darkest 
shading) and can return to the mantle. 
As the depth of melting increases, the increased pressure causes changes 
in the composition of the restite assemblage. At shallow levels, plagioclase is a 
major residual phase, and depletes the melts in Eu and Sr. As the depth of 
melting increases, plagioclase becomes increasingly less stable, and forms a 
progressively smaller proportion of the residual assemblage. Therefore as 
depth increases, negative Eu anomalies become less pronounced, and Sr 
abundances in the melts increase. Also, as depth increases, garnet becomes a 
stable phase within the residuum. The compatibility of HREE within this 
mineral means that as depth of melting increases, partial melts are 
increasingly likely to be depleted in HREE. Therefore a continuum of TTG 
compositions are possible, from a low pressure, Sr depleted "low-alumina" 
suite (plagioclase contains a high proportion of alumina, and thus melts 
produced where plagioclase was a major phase in the residuum have 
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relatively low Al203 contents), to a high pressure, HREE depleted "high-
alumina" suite (Barker and Arth, 1976; Rapp et al. 1991). It is important to note 
that if slab piles grew by overthrusting of slabs of oceanic crust rather than by 
under thrusting and subduction 5.1. , the site of melt generation would remain 
at a comparatively high level, below the obducted slab, and the dominant TIG 
suite in Archaean terrains would be the "low-alumina"suite. 
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Figure 4.7 Sr and Y against Al203 for the Chinhoyi group 2 clasts (light shading) the Shamvi) 
and Chinhoyi group 1 clasts (dark shading), and granitoids from Southern Zimbabwe (unshaded; 
data su pplied by B. Luais, pers. comm) . The open circle is a 10% batch melt of amphibolite 
(major element composition from Rapp et al. 1991) with Sr and Y contents of modern MORB. The 
filled circle is a 20% batch melt of the same composition. Restite assemblages are based on 
exper imental petrology detailed in Rapp et a1. (1991). Distribution coefficients are given in 
Clppendi x A. 
Figure 4.7 shows the positive correlation of Sr with A1203, and the 
negative correlation of Y with Al203 which is predicted by this model. It is 
important to note that as the A1203 content, and hence the inferred depth of 
melting, increase the percentage of partial melting also increases from 10% 
partial melting to produce the low-alumina suite, to 20 to 30% to produce the 
high-alumina suite (Barker and Arth, 1976; Martin, 1986; Drummond and 
Defant, 1990; Rapp et al. 1991; Luais and Hawkesworth, 1994). At Chinhoyi, this 
transition between the production of low- and high-alumina TTG appears to 
have occurred in 75 (± 20) Ma, between the first crust formed (clasts 89-C-21 
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and 89-C-23), at 2,875 ± 3 Ma, and the first group 1 clasts (89-C-20 and 89-C-28) at 
2,800 ± 20 Ma. 
Thus for similar quantities of oceanic crust subducted, potentially two to 
three times as much high-alumina TTG is produced as low-alumina TTG. 
This, coupled with the better segregation of larger percentage partial melts 
(Wickham, 1987), and the low efficiency of Archaean subduction processes, 
resulting in slab piles (Kroner, 1985; Rapp, 1991; Kroner and Layer, 1992; 
Davies, 1992; de Wit et al. 1992) may have contributed to the dominance of 
high-alumina TIG within Archaean TIG terrains (figures 4.7 and 4.8). 
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Figure 4.8 Chondrite normalised (La/Yb)N vs. (Yb)N for the Shamva and Chinhoyi clasts, 
relative to the Archaean and Post-Archaean granitoid fields of Martin (1986), showing that the 
low alumina TIC group 2 c1asts of Chinhoyi group 2 plot well outside the usual field for 
Archaean TIC, with high (Yb)N· 
Graphs of La/Yb vs Yb are commonly used (eg Martin, 1986; 1993) in 
order to support the suggestion that the sources of Archaean TTG suite 
granitoid were at sub-crustal depths, with garnet as a major residual phase, 
resulting in steeply fractionated REE patterns and HREE depletion, in contrast 
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to more recent granitoids, which were generally formed by processes at higher 
levels, where garnet is not residual, resulting in less fractionated REE patterns, 
with less HREE depletion. However, it should be emphasised that the 
Archaean TTG field shown on figure 4.8 is only representative of the high-
alumina suite. The low-alumina suite (Chinhoyi group 2) has low (La/Yb)N 
and high (Yb)N values, well outside the usual field for Archaean TIG. The 
dominance of the high alumina suite may be due to one or more of the 
following factors. The percentage of partial melting necessary to produce the 
high-alumina suite is two to three times greater than that for the low-alumina 
suite (figure 4.7), and thus_two to three times as much high-alumina TIG may 
be generated from a given quantity of oceanic crust as low-alumina TIG, and 
these higher percentage partial melts would segregate more efficiently from 
their sources (Wickham, 1987). Finally, if Archaean subduction s.l. processes 
resulted in the formation of slab piles as shown in figure 4.6, then the high 
temperature, low pressure conditions necessary for the formation of the low-
alumina suite may have been rare, existing only at the initiation of subduction 
s.l. sites (figure 4.5) 
The degree of HREE depletion of a TIG melt depends primarily upon 
the amount of restitic garnet in the source region (Rapp et al. 1991). Assuming 
that the source rocks (oceanic crust) were reasonably homogeneous, the 
amount of garnet present will be depth dependant. Therefore, the degree of 
HREE depletion may be used as a crude indication of the depth at which 
melting occurred. Figur~ 4.9 shows that the HREE contents of the Shamva 
group 1 clasts, intruded at 3.2 and 2.8 Ga (Chapter 3:2.5), have extremely similar 
HREE contents to the 2.67 Ga Wedza suite of tonalites (Jelsma, 1993), strongly 
suggesting that from 3.2 to 2.67 Ga, the depth of melting (imd thus the 
thickness of the overlying continental lithosp~ere) of the Shamva region had 
" 
a reasonably constant thickness, within the range = 50 to 70 km, the depth of 
the zone of optimum TIG melt generation 66 to, 22 kbar, Rapp et al. 1991). 
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Figure 4.9 REE plot showing the very similar HREE contents of the Sharnva group 1 clasts and 
the Wedza suite of tonalites. 
The early continental lithosphere would be made up eff a crust (of 
unknown thickness) dominated by TTG granitoids, underlain by a lithosphere 
consisting primarily of fragments of oceanic crust. In this model, the base of 
the early lithosphere will not be in contact with the convecting upper mantle, 
with its probable potential temperature of "" 1450°C (see section 4:2.1), but 
would have been underlain by slowly subducting 5.1. oceanic crust, which 
would thermally shield the early continental lithosphere. 
This study has demonstrated that at least fragments of the early 
continents were capable of surviving for long periods of time before their 
stabilisation. In the case of the Shamva region this was ~ 670 Ma, from the 
minimum age of dast number 89-5-26 (see Chapter 3:2.4) to stabilisation in the 
Upper Bulawayan "event". The early continental crust would have resisted a 
direct return to the mantle by virtue of its low density. As the crust was 
underlain by a thick pile of slabs of oceanic crust, sited over subduction s.l. 
zones, the coolest part of the upper mantle, it may have been comparatively 
1. S. Dougherty-Page Chapter 4 183 
low-lying, possibly largely below the base level of erosion, increasing the 
preservation potential of the early continental crust. The limited emergence of 
early continents is suggested by the observation that Archaean sediments are 
commonly immature and contain significant quantities of volcanic debris, 
interpreted as due to their derivation from proximal, active tectonic sources 
(McLennan and Taylor, 1991), rather than the more mature sediments 
associated with greater continental freeboard, erosion from stable tectonic 
regimes and increased sediment transport. 
4:3 THE UPPER BULAWAYAN IIEVENT" AND CONTINENTAL 
STABILISATION 
The Upper Bulawayan "event" involved a sequence of mafic and felsic 
igneous events which cross-cutting relationships indicate were coeval over the 
entire area of the Zimbabwe Craton. However, this cross-cutting stratigraphy 
has yet to be confirmed by high resolution geochronology. The first recorded 
effects of the "event" were the extrusion of the "Iron Mask" greenstone belt 
volcanics within the Harare-Shamva greenstone belt at 2,713 ± 15 Ma (Jelsma, 
1993), and associated intrusion of TTG suite granitoids (2,720 ± 6 Ma for the 
Chinhoyi clast 89-C-26; this study). The greenstones were intruded by the 
Sesombi and Wedza suites of syn-tectonic tonalites at 2,673 ± 5 Ma (this study) 
and 2,667 ± 4 Ma (Jelsma, 1993) respectively, and by a late- to post-tectonic suite 
of tonalite-granodiorite-monzogranites between 2,664 ± 6 Ma and 2,618 ± 7 Ma 
(Jelsma, 1993). The final felsic magmatic event before the stabilisation of the 
craton was the intrusion of the Chil~manzi. suite of monzogranites (also 
known as the "Late Granites") at 2,601 ± 14 Ma (Jelsma, 1993). This series of 
. 
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magmatic activity has been ascribed to the effects of a mantle plume (Jelsma, 
1993), as have similar sequences on the Yilgarn craton (Hill et al. 1992). 
At the present day, the sub-cratonic lithosphere is thick and seismically 
fast (Boyd, 1989). Low surface heat flow on the cratons (;:::: 45 mWm-2, de Wit et 
al. 1992) and high seismic velocities within the sub-cratonic lithosphere 
indicate that the sub-cratonic lithosphere is cold (compared with the 
surrounding mantle) to great depth, with the;:::: 1300·C base of the lithosphere 
lying at a depth of 300-400 km (Grotzinger and Royden 1990). If the material 
underlying the cratons was simply cooled mantle of average composition, 
then the presence of such a large mass of cold (and therefore relatively dense) 
material would result in the subsidence of the overlying craton. As cratons are 
emergent, this strongly suggests that the underlying material must be of 
inherently low density. The largest suites of xenoliths from the sub-cratonic 
lithosphere have higher Mg# than those from oceanic lithosphere (Boyd, 
, 
1989). Geochemistry and petrology indicate these xenoliths may be interpreted 
as residua of an event which depleted them in FeO, Ti02, CaO and Al203 
(Herzberg, 1993). Re-Os isotope systematics indicate that this depletion 
occurred in the Archaean, rapidly and throughout the entire thickness of sub-
cratonic lithosphere sampled by kimberlites (Walker et al. 1989; Pearson et al. 
1993). Therefore the sub-cratonic lithosphere is not only thermally and 
mechanically defined but, particularly in Archaean areas, it is also chemically 
depleted. The FeO depletion of this material lowers its density by ;:::: 1 %, 
equivalent to a temperature difference of 200·C to 400·C in homogeneous 
mantle (Hawkesworth et al. 1990). Therefore the depleted sub-cratonic mantle 
may be cooler than its surroundings, and yet still be buoyant. The depletion of 
the sub-cratonic mantle also means that it is refractory, protecting the 
overlying cru~t from magmatic and deformational events (Pollack, 1986). 
Several authors have suggested that the depletion of the sub-cratonic 
lithosphere could be achieved by extracting a komatiitic melt from the mantle 
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(Bickle, 1986; Boyd, 1989; Hawkesworth et al. 1990; Takahashi, 1990; Herzberg 
1992, 1993), although there are chemical mass balance problems in applying 
this model to komatiites of the Kaapvaal craton, which either require an 
anomalously siliceous source if they are residua of partial melting, or are 
cumulates from high percentage partial melts (Herzberg 1993). However, the 
volume of komatiite required is similar to the volume of the Archaean sub-
cratonic lithosphere preserved today, and no such volume of material is seen 
on the surface (komatiites make up <2% of the Harare-Shamva greens tone 
belt; Jelsma, 1993). It has been suggested (Nisbet and Walker, 1982; Boyd, 1989) 
that at pressures ~ 50 kbar, komatiitic liquids are more dense than their 
residuum, in which case most of the komatiite may have been returned 
directly to the mantle, with only a small percentage erupted by virtue of its low 
viscosity. The residuum would then underplate the young continents to form 
depleted lithosphere (Boyd,1989; Kroner and Layer, 1992). The temperatures 
necessary for komatiite formation are too high to have been widespread in the 
mantle, otherwise the mantle would have undergone extensive partial 
melting (Nisbet and Walker, 1982; Campbell and Griffiths, 1992; Davies, 1992). 
Instead it is inferred that komatiites were formed within anomalously hot 
mantle plumes (Campbell et al. 1989; Rapp et al. 1991; Nisbet et al. 1993; Davies, 
1993). Therefore it is suggested that plumes are responsible for the formation 
of depleted material in the sub-cratonic lithosphere, and that lithosphere 
formation may be incorporated within a model for the stabilisation of the 
Zimbabwe craton in the Upper Bulawayan "event" in response to the effects of 
a plume. 
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Figure 4.10 Northern Zimbabwe at 2.72 Ga. A plume under an early continent, showing eruption 
of komatiites from the plume tail region, with rising depleted residues of komatiite melting 
(white on black "0" hatching), and the generation of basaltic melts from the plume head region. 
The first igneous products of the Upper Bulawayan event - the 
extrusion of greens tone belt volcanics - maybe most readily attributed to the 
effects of a mantle plume. The basal sequences of greens tone belts contain 
komatiitic lavas, the ultramagnesian chemistry of which (up to 21% MgO in 
non-cumulate compositions in the Harare-Shamva greens tone belt, Jelsma, 
1993) indicates extrusion temperatures of ::: 1,SOO·C, and partial melting at 
temperatures of ::: 1,7S0·C (Nisbet and vValker, 1982). Such extremely high 
temperatures must have been anomalous and localised within the mantle, if 
widespread partial melting of the upper mantle were not to result. Therefore, 
the hot "tail " region of an ascending mantle plume has been interpreted as the 
source of komatiite lavas (Camp bell et 211. 1989). 
The formation of tholeiitic basalts within greens tone belts has also been 
attributed to the effects of a mantle plume. Although tholeiitic basalts in 
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greens tone belts are superficially similar to modern mid-ocean-ridge tholeiites, 
there are important geochemical differences. Archaean tholeiites have low 
Al203 contents (for a given Mg#), low levels of incompatible elements, and 
high Fe, Ni and Cr. Their formation has been modelled by high degree partial 
melting deep in the mantle, followed by fractionation at much shallower 
levels (Arndt and Albarede, 1992). In the mantle plume model of Campbell et 
al. (1989), these basalts are interpreted as resulting from melting within the 
"head" region of a plume. Melting was not able to proceed to high levels due 
to the presence of an overlying thick lithosphere. 
The coeval intrusiQn of TTG granitoids with the extrusion of 
greenstones is demonstrated by the Chinhoyi clast 89-C-15, dated at 2,720 ± 6 
Ma, within error of the U-Pb zircon date obtained on the Iron Mask formation 
of 2,713 ± 15 Ma (Jelsma, 1993). Similar coeval relationships are shown in the 
Hokonui Formation (Chapter 3:4.2) and also in the Pilbara block (Williams 
and Collins, 1990). Such TTG granitoids, coeval with greenstones, are 
interpreted as resulting from partial melting of fertile metabasalt in the base of 
the slab pile in response to heating by the plume, either by conduction, or by 
underplating of magmas. Given the close temporal relationship of the granites 
and greenstones, underplated basic magmas are considered the more probable 
heat source, as they are capable of supplying heat more rapidly than the 
conduction of a thermal pulse through the slab pile. 
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Figure 4.11 Northern Zimbabwe at 2.67 Ca. Continued plume activity under the continent results 
in the accelerated delamination of eclogite from the base of the early continent. Basalts 
intruded from the plume head region underplate the crust, and undergo AFC to produce a suite of 
cale-alkaline granitoids ("+" hatching). 
Figure 4.11 shows a model for the situation under northern Zimbabwe 
at ;::: 2.67 Ga. The presence of the plume head beneath the young continent 
would increase the density contrast between the eclogitic root and the 
underlying mantle, thus accelerating the process of delamination. The 
response to this delamination would be uplift, causing erosion and the 
deposition of the Shamvaian sediments within basins sited over thick, 
subsiding, piles of greens tone bel t volcanics. As the thermal pulse of 
conducted heat from the plume head passed up through the slab pile, fertile 
metabasalts would undergo partial melting, producing the Sesombi and 
Wedza suites of tonalites. 
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After its initiation, temperatures within the plume would steadily fall. 
This will result in lower percentage partial melting of the mantle (and thus 
decreasing volumes of melt), with melting starting at higher levels, 
shortening melt columns within the mantle. The length of this melt column 
is one of the major driving forces for pushing basaltic melts through 
continental crust (Abbott and Hoffman, 1984). Therefore, as the plume cools, 
there will be a change in the style of basic igneous activity from the 
overplating associated with the greens tone belts to underplating. The most 
probable site for this underplating would be the base of the tonalitic crust. The 
underplated basaltic magmas underwent Assimilation Fractional 
Crystallisation (AFC) processes, and these differentiates were subsequently 
intruded as a suite of granitoids (Vinyu et al. 1993; Jelsma, 1993). 
Uppe r Bulawayan 
gr anitoids of the 
Harare-Shamva 
regIOn 
50 
Early con ti nen tal crust 
of nor them Zirn babwe 
(recorded in clasts 
from Shamva and 
ChinhoyD. 
CaO 
Figure 4.12 K20-Na20-CaO diagram showing that the Upper Bulawayan granitoids lie on a 
ca le-alkaline trend, distinct from the sodic early continental crust. A - Sodic trend of Luais and 
Hawkeswo rth, 1994. B - Sodic trend of Barker and Arth, 1976. Data on early continental crust -
this work; data on Upper Bulawayan granitoids from Snowden and Snowden, 1981 and Jelsma, 
1993. 
The granitoids of the Upper Bulawayan "event" are therefore produced 
by different process to the TTG-suites which formed the early continental crust 
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of northern Zimbabwe. This is reflected in their chemistry, and these 
granitoids lie on a cale-alkaline trend, as opposed to the sodic granitoids of the 
early crust (figures 4.12 and 4.13) 
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Figure 4.13 A histogram of percentage of sample set against K20/ N a20 for pre-Upper 
Bulawayan granitoids (this study; Luais and Hawkesworth, 1994; B. Luais, pers . comm) and 
Upper Bulawayan granitoids (Snowden and Snowden, 1981; Jelsma, 1993; B.Luais, pers. comm), 
clea rly demonstrating the more potassic nature of the later Upper Bulawayan granitoids 
The early members of this suite of granitoids are syn-deformational. 
This deformation resulted in the "dome and basin" pattern of granite 
batholiths with infolded synclinal greens tone belts which is preserved to the 
present day . There are two conflicting models for the tectonic regimes 
responsible for this deformation. In the first, deformation is achieved by 
vertical tectonics . As the granitoid plutons intruded, they progressively 
deformed their own margins and intervening country rocks in a large scale 
dia piric or ballooning plutonism interference pattern (Macgregor, 1951; Jelsma 
et al. 1993; Jelsma, 1993). This pattern may have been accentuated by a coeval 
downsagging of the comparatively dense greens tone belt materials into the 
underlying TIC crust, which had been warmed and softened by the intrusion 
of the granitoids (Peucat et al. 1993). The opposing model requires a 
1.s. Dougherty-Page Chapter 4 191 
comparatively rigid crust, and states that the deformation is a fold interference 
pattern (Snow den and Bickle, 1976; Snowden, 1984), produced by horizontal 
tectonic forces (Bickle et al. 1980), possibly in response to deformation 
associated with the "Limpopo orogeny" (Treloar et al. 1992). Structural 
evidence (Jelsma, 1993) strongly supports the first model within the Harare 
region, which also corresponds to observations by Choukroune et al. (1993) on 
cratons in India, Africa and China which support the hypothesis that the 
Archaean continental crust was not rigid. However, the presence of major Late 
Archaean regional shear zones (see figure 1.4), and increasing deformation to 
the south of the craton (Wil~on, 1990; Treloar et al. 1992) cannot be accounted 
for by diapirism/baUooning plutonism, suggesting the tectonic situation over 
the entire craton may have been more complex than indicated by either 
model. Further investigation of structures, accompanied by high resolution 
geochronology, are required throughout the craton before an unambiguous 
interpretation may be made. 
Figure 4.14 is a model for the Zimbabwe craton at 2.6 Ga. The final stage 
of felsic magmatism on the Zimbabwe craton was the intrusion of the 
Chilimanzi suite of "Late granites". These are extensive, tabular intrusions of 
monzogranites, which outcrop over approximately 50<Yo of the surface of the 
Zimbabwe craton at the present day. These late granites (figure 4.15) have 
higher contents of radioactive elements (Rb, K, Th, U) than granitoids 
intruded earlier in the Upper Bulawayan event, such as the Wedza Suite, 
lower abundances of trace ~lements concentrated in potassic and plagioclase 
feldspars (Ba and Sr), and higher contents of HREE. Major element modelling 
(Jelsma, 1993) suggests that they were formed by intra-crustal melting. This 
melting may have been in response to crustal thickening. 
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Figure 4.14 Northern Zimbabwe at 2.6 Ga. In response to magmatic and tectonic thickening, 
intra-crus tal re-melting results in the formation of the "Late Granites" (white on black 1/+"). The 
continent is underlain by a depleted keel, formed from the residues of komatiite melting. 
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Figure 4.15 Incompatible element plot showing element patterns for the Wedza suite and the 
Mumurgwi gra nite, a "La te Granite" of the Chilimanzi su ite (after Jelsma, 1993) 
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Accretion of depleted material from the plume tail beneath the 
continent results in the formation of a keel to the continent, which will resist 
return to the mantle by virtue of its refractory, low density mineralogy. This 
keel will then slowly cool to form the sub-cratonic lithosphere. This model 
possibly explains observations based on basin analysis by Grotzinger and 
Royden (1990) that the Slave craton, currently underlain by a 300 km deep 
seismically fast keel, had an effective elastic thickness of only 12 ± 4 km (the 
modern value is 100 ± 25 km) at 1.9 Ga. They therefore concluded that the 
lithosphere had not'yet formed. Hoffman (1990) noted that this value of elastic 
thickness lies on a secular cooling curve. Therefore, invoking the model for 
the formation of sub-cratonic lithosphere detailed above, it is proposed that 
the material which would make up the sub-cratonic lithosphere was beneath 
the craton, but had yet to cool sufficiently to behave rigidly. 
Due to the major changes in chemistry between the granitoids of the 
Upper Bulawayan event and those of the early crust, there will be sharp 
contrasts between sediments derived from the early continent, and sediments 
derived from the craton after 2.6 Ga. The change in granitoid chemistry will 
result in sediments with higher K20 contents, showing greater signatures 
indicative of intra-crustal melting (in terms of REE, this corresponds to deeper 
negative Eu anomalies and less HREE depletion), corresponding to the "first 
order" change in sediment compositions as cratons are stabilised (Taylor and 
McLennan, 1985). Some of these changes in sediment chemistry are 
summarised in figure 4.16 .. 
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Figure 4.16 Changes in K20/Na20 ratio, U abundance, 875r/865r, Eu/Eu" and La/Yb with time, 
all showing major changes at the Archaean/Proterozoic boundary (light grey shading). After 
Campbell and Jarvis, 1984 
4:4 SUMMARY 
This study has demonstrated that areas of Northern Zimbabwe had long 
and complex crustal histories (~ 670 Ma in the case of the 5hamva region) 
prior to the formation of the Upper Bulawayan rocks which now dominate 
this portion of the continent, and that the earliest continental crust was 
frequently homogenised with the products of later episodes of crustal growth 
(see the discussion on clast 89-5-14 in Chapter 3:2.5). Using this information, a 
crustal growth curve for northern Zimbabwe may be constructed. 
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Figure 4.17 Ca rtoon crustal growth curves for Northern Zimbabwe. The "curve" in light shading 
shows crustal growth in major "e;ents" at "" 2.9 and ""2.7 Ga. The "curve" in dark shading is 
based on the zircon and Sm-Nd data detailed in Chapter 3, and shows the initiation of 
continental crust in the region at ~ 3.4 Ga, and additions of new crustal materials at 3.2 Ga, 2.925 
Ga, 2.875 Ga, 2.8 Ga and "" 2.7 Ga. 
It should be stressed that the "curves" in figure 4.17 are just cartoons, as 
there is no constraint on the amount of continental crust generated in each 
event. The dark crustal growth curve, which proposes that crustal growth in 
the Archaean occurred in comparatively frequent small events, rather than 
major infrequent events has some support in other results of the application 
of high resolution geochronology to the Archaean. For example, the first dates 
obtained on the Tokwe segment of southern Zimbabwe (Chapter 1, figure 1.2) 
(by Rb-Sr isochron methods), indicated that this portion of crust may have 
been formed in a single major event at ::: 3.5 Ga, with intra-crustal re-working 
at ::: 3.35 Ga to form the Mont d 'Or granodiorite (eg Moorbath and Taylor, 
1981 ). However, these rocks have undergone later metamorphic events, 
res ulting in partial re-setting of their isotope systematics and comparatively 
large errors. Recent zircon dating (Dodson et al. 1988; Compston et al. 1990) has 
suggested that the Tokwe segment may in fact have been formed by up to 6 
magmatic events between 3.8 Ga and 3.2 Ga (Chapter 1, figure 1.2) . Models 
based on the low-resolution isochron data, such as the Crustal Accretion 
Differentiation Superevents (CADS) of Moorbath (1977) require major crust-
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forming "events" in the Archaean, which are difficult to explain by the 
application of uniformitarian principles. However, the frequent episodes of 
magmatism seen within the 3.S Ga (or Sebakwaian) "event" in southern 
Zimbabwe by high precision zircon dating allow models for the construction of 
Archaean continental crust invoking processes with modern analogs, with 
higher crustal growth rates in the Archaean achieved by more frequent 
occurrences of these events in the Archaean than at the present day. 
The formation and stabilisation of northern Zimbabwe are modelled as 
two separate processes. The growth of the earliest continental crust was by 
lateral accretion processes, consistent with plate tectonic processes modified by 
the hotter Archaean mantle. The nucleii of continents were formed of low-
alumina TTG, early in the history an Archaean subduction 5.1. zones. As the 
subduction 5.1 .. zones evolved, oceanic crust "stacked", and depth of melting 
increased. The resulting changes in composition of the restite assemblage 
, 
resulted in the formation of high-alumina TTG suites, which became the 
dominant components of the early TTG terrains. Continental growth was 
probably by small, frequent addition of high-alumina TTG suite granitoids as 
new, fertile metabasalts in the underlying subducting 5.1. pile of oceanic crust 
reached the optimum partial melting conditions (:::: 70 km and 10S0°C, Rapp et 
al. 1991) for the generation of the high-alumina TTG suite. Temporal 
variations between the Chinhoyi and Shamva regions show that the early 
continents were capable of growth by lateral accretion. 
Continental stabilisation was achieved predominantly by underplating 
processes in response to the interaction of a plume with a young proto-
continent. The plume model for the stabilisation of northern Zimbabwe 
provides a coherent, integrated explanation of the features associated with the 
Upper Bulawayan event and continental stabilisation, from progressions of 
magmatic activity to lithosphere formation and changes in sediment 
compositions. Initially, the young hot plume causes greens tone belt volcanism 
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on the early continent. As temperatures in the plume fall, the plume derived 
melts increasingly underplate the early crust. Differentiates of these melts 
intrude as a calc-alkaline suite of granitoids, and vertical tectonic processes 
with downsagging of greens tone belts and diapiric (or ballooning plutonism) 
deformation cause the formation of "dome and basin" structures (granitoid 
batholiths and greenstone belts respectively). The final felsic igneous event is 
the intrusion of "Late Granites" - intracrustal remelts - in response to 
thickening of the crust. Material from the plume depleted by the extraction of 
komatiitic melts accretes beneath the continent to form a depleted, refractory 
keel. The major changes in ~he chemistry of granitoids, from the early, sodic 
TTG crust, to the potassic granitoids of the Upper Bulawayan "event" are 
responsible for the change in chemistry of sediments from "Archaean" to 
"Post-Archaean". 
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Appendix A 
Major, trace ,and rare earth element 
data 
Sample powder preparation. 
Samples were spilt into 5 cm cubes using a hydraulic splitter, removing 
any severely weathered material. The remaining cubes were rinsed in distiled 
water to remove possible surface contamination. The cubed samples were 
then crushed in a hardened steel jaw-crusher, and a representative 100g 
portion of the crushate taken by cone and quartering. This was powdered in an 
.agate-lined tema swing mill for = 15 minutes to a powder of less than 200 
mesh grain size. 
XRF sample preparation and analysis. 
Major and trace element analysis was carried out at Oxford University, 
using a Phillips PW1400 x-ray fluorescence spectrometer, and the data 
processed using a PDPll minicomputer. The x-rays were generated using a Rh 
tube, and the analysing crystals used were LiF 220, LiF 200, PE and PXl. Mass 
absorption was corrected for using De Jongh's formula (major element 
analyses), and the Rh Compton scatter peak (trace elements). The 
concentrations of the elements Co, Cr, V and Ba were corrected for the Fe, Mn 
and Ti absorption edges and line overlaps. 
Major element analyses were performed on glass disks prepared by 
fusing a mixture of 1.000g rock powder and 5.0000g lithium metaborate-
tetraborate mixture (spectroflux 100B) in a zirconia grained Pt - 5% Au alloy 
crucible in a muffle furnace at 1175°C for 5 minutes. The melt was poured into 
a Pt - Au alloy casting mould, and quenched over a jet of air. The flux had 
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been pre-dried at 600·C for at least 12 hours, and the sample powder pre-
ignited at 1000·C for a minimum of 20 hours. Crucibles were cleaned in hot 
6M HCl, and rinsed in distilled water. 
Trace element analyses were carried out on pressed powder pellets 
prepared by mixing"" 109 of rock powder and"" 1ml Mowiol binder in an agate 
pestle and mortar. The mixture was pressed into a 3cm diameter pellet in a 
hydraulic press at a pressure of 105 Pa for 30 seconds. The pellets were dried for 
12 hours at BO·C before analysis. 
XRF Major and Trace Element Data Tables 
Shamva Sediment5 
89-5-2 89-5-3 89-5-4 89-8-5 89-5-6 
8i02 75.07 71.94 70.68 75.70 75.29 
Ti02 0.32 0.43 0.35 0.31 0.24 
A1203 11.32 11.12 10.44 11.37 13.8 
Cr203 0.02 0.04 0.02 0 0 
Fe203T 4.20 5.96 4.54 4.77 2.19 
MnO 0.08 0.12 0.17 0.07 0.04 
MgO 2.19 3.15 2.22 1.28 0.51 
CaO 2.63 3.97 7.94 2.37 2.13 
Na20 2.75 2.17 2.34 3.07 5.24 
K20 1.44 1.21 1.23 1.05 0.73 
P205 0.06 0.07 0.06 0.04 0.07 
Total 100.08 100.18 99.99 100.03 100.24 
Zn 49.1 55.7 43.6 44.1 31.6 
Cu 13.4 36.6 20.2 80.1 3.3 
Ni 64.9 84.5 60.4 5.1 4.2 
Co 13.6 21.9 17.3 6.2 4.6 
Cr 133.6 218.6 137.2 0.7 4.2 
V 60.5 92.3 75.1 0.1 12.9 
Ba 471.7 341.4 314.9 181.5 344.3 
Ca 11.4 11.1 9.6 20.4 15.6 
Rh 29.6 26.4 31 14.8 22.3 
Sr 129.9 161.5 153.9 184.5 233.3 
Y 12.2 15.2 12.4 13.2 7.8 
Zr 69.9 82.7 65.7 520.3 133.1 
Nb 4.7 4.2 3.6 25.9 3.9 
Pb 18 14.6 11 14.6 11.1 
Th 5.5 6.8 4.5 11.4 2.8 
,V 2.4 3.3 2.5 3~3 1.5 
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Shamva Clasts 
Group 1 Group 2 
89-S-14 89-S-15 89-S-22 89-S-23 89-S-24 89-S-27 89-5-12 89-5-13 
Si02 73.20 72.69 71.03 73.15 73.20 75.51 75.72 77.18 
Ti02 0.19 0.28 0.33 0.2 0.21 0.06 0.19 0.09 
A1203 15.27 15.41 15.61 15.14 15.16 14.8 13.6 13.66 
Cr203 0 0 0 0 0 0 0 0 
Fe203T 1.85 2.21 2.94 2.11 2.19 0.60 2.04 0.90 
MnO 0.03 0.03 0.05 0.04 0.04 0.01 0.03 0.02 
MgO 0.69 0.68 1.06 0.86 0.69 0.11 0.48 0.23 
CaD 2.69 2.64 3.12 1.9 2.33 1.73 1.66 1.51 
Na20 5.48 5.18 4.85 5.47 5.44 5.67 5.28 6.18 
K20 0.72 1.02 1.1 1.14 0.92 1.48 0.83 0.41 
P205 0.06 0.09 0.09 0.06 0.06 0.02 0.05 0.04 
Total 100.19 100.23 100.19 100.08 100.24 99.99 99.89 100.22 
Zn 18.9 31.6 33.2 23 23 7.2 19.2 11.2 
G.t 2.6 0.2 0.3 -0.4 5.4 1 28.1 3.9 
.. 
Ni 1.9 3.3 6 2.9 2.3 1.2 4 1.9 
Co 4.3 2.7 7 3.3 3.5 0.7 1.1 -0.3 
Cr 1.9 6.6 10.6 -0.4 2 -1.6 2.2 -1.2 
V 17.7 19.6 32.9 16.7 14.7 4.3 14.7 5.7 
Ba 340 431.3 511 463.2 333.2 416.6 403.8 332.4 
Ga 15.6 18.1 17.5 16.4 16.9 15 14.1 14.6 
Rh 15 20.9 31.5 23.7 26.5 30 23.1 7.6 
Sr 327.2 345.1 264.6 292.3 241.9 205.6 187.3 227 
Y 9.4 8.1 8 9.4 8.6 19.7 31.6 6.9 
Zr 90 156.6 124.7 120.1 125.3 53.5 130.4 71.2 
Nb 4.3 4.3 4.1 3.8 3.9 4.9 10.9 5.1 
Pb 22.7 21.8 23.6 19.3 16.9 20.7 27 21.3 
Th 8.6 14.3 14 8.7 7.7 10.6 25.2 3.8 
U 1.2 2 2 1.6 1.1 3.6 6.1 1.3 
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Shamva Group 2 Clasts 
89-5-17 89-5-18 89-S-19 89-S-20 89-S-25 89-5-26 89-5-28 89-5-29 89-5-30 
Si02 76.90 74.57 77.71 75.88 76.38 76.36 76.75 75.33 76.59 
Ti02 0.1 0.21 0.11 0.2 0.1 0.11 0.15 0.19 0.08 
A1203 13.68 14.27 13.07 13.39 13.78 13.81 13.1 13.61 13.95 
Cr203 0 0 0 0 0 0 0 0 0 
Fe203T 0.98 1.92 1.31 2.14 1.23 0.94 1.47 1.68 0.76 
MnO 0.02 0.04 0.02 0.03 0.02 0.01 0.03 0.03 0.02 
MgO 0.22 0.62 0.32 0.6 0.24 0.22 0047 0.74 0.19 
CaO 1.99 2.97 1.21 2.05 1.76 2.19 2.68 2.08 2.74 
Na20 5.68 4.58 5.52 5.08 5.95 5.68 4.77 5.18 5.40 
K20 0.35 0.76 0.73 0.67 0.46 0.45 0.5 0.7 0.34 
P20S 0.03 0.05 0.02 0.05 0.03 0.07 0.04 0.06 0.03 
Total 99.95 99.99 100.02 100.09 99.95 99.83 99.95 99.61 100.10 
Zn 10.3 1604 12.3 18.3 lOA 10.1 13.6 1804 8.8 
Cu 604 1.8 8.2 26 21.1 3.4 3.3 0.6 3.5 
Ni 004 204 1.8 3.3 2.1 2.6 1.9 2.6 3.4 
Co 2.1 1.9 2.1 2.5 1.8 2.2 1.8 2 2.1 
Cr -0.6 1.5 -0.6 1.9 0.3 1.1 0.8 lA 1 
V 8.1 15.9 7.9 12.8 7.1 7 9.7 13.6 8.7 
Ba 366.5 656.1 221 249.6 29504 245.2 207.2 247.8 251.6 
Ga 13.7 14.5 11.2 14.7 14.5 12 12.8 14.8 11..9 
Rh 5.3 18.6 21.8 14.4 8.6 8.2 9.7 14.6 3.8 
Sr 228.9 218.1 282 293.2 291.5 340.9 250.6 232.5 363.3 
Y 12.5 9.1 17.9 28.9 21 11.9 15.5 12 8.9 
Zr 84.4 115.4 80.7 126.1 8204 97.5 102.4 105.8 93 
Nb 2.7 3.8 7.1 11.6 6.6 304 5.7 6.1 2.7 
Pb 24 19.6 30.2 26.9 27.5 33.2 20.6 20.1 20.1 
Th 14.7 7.3 32.2 32.3 23.1 23.2 14.6 10.3 6 
U 1.5 0.7 6.2 5.7 5.2 4.2 3.1 lA 0.6 
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Chinhoyi Sediments 
89-C-l 89-C-2 89-C-3 89-C-4 89-C-5 89-C-6 89-C-7 89-C-13 
Si02 66.71 69.16 72.00 73.26 71.27 68.87 69.04 54.29 
Ti02 0.43 0.56 0.36 0.41 0.46 0.4 0.39 1.71 
A1203 11.54 15.73 14.39 15.39 14.75 15.38 15 13.17 
Cr203 0.01 0.01 0.02 0.01 0.02 0 0 0.03 
Fe203T 16.73 4.74 3.98 3.42 3.98 4.24 4.12 15.47 
MnO 0.12 0.08 0.1 0.05 0.08 0.05 0.08 0.26 
MgO 3.72 2.07 1.64 1.31 1.34 3.49 2.83 5.29 
CaO 0.1 0.54 1.04 0.46 1.94 2.31 2.31 7.84 
Na20 bd 7.01 4.04 3.50 4.05 2.08 3.31 1.31 
K20 1.05 0.08 1.95 2.18 2.17 3.11 2.89 1.19 
P205 0.1 0.13 0.12 0.09 0.11 0.14 0.14 0.17 
Total 100.51 100.11 99.64 100.08 100.17 100.07 100.12 100.73 
Zn 105.4 170.6 36.3 44.9 30.7 56.7 89.5 92 
Cu 36.4 5.9 13.1 13.4 71.9 1 -0.4 34 
Ni 22 15.3 23.4 28.8 40.1 21.1 21.3 85.3 
Co 11.6 13 11 11.2 14.1 9.5 10.7 52.9 
Cr 60.4 24.9 104.8 67.L 91.3 24.6 27 176.5 
V 68.2 68.6 62.9 58.6 65.9 48 39.4 364.6 
Ba 166.3 13.9 544.6 541.3 626 367.1 508.4 196.1 
Ga 14.2 12.8 15 15.7 14 16.8 15.1 16.1 
Rh 27.9 -4.1 55.4 63.3 53.7 83.3 77.0 43.5 
Sr 24.5 106.2 243.4 235.8 193.7 99.2 95.2 90.8 
Y 11.4 10.6 13.5 14.4 12.4 13.8 13.8 36.6 
Zr 98.5 132 84 95.6 102.9 125.5 130.4 94.6 
Nb 6 5.3 3.8 4.7 4.8 6.6 7.1 4.8 
lb 4.1 4.5 13.3 9.3 7.9 11.2 9.7 15.5 
Th 10 0.1 bd 3.4 4.9 5.9 8 0.7 
U 1.7 2.3 2.8 2.1 1.8 4.1 4.4 1.5 
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Chinhoyi Group 1 Clasts 
89-C-15 89-C-16 89-C-19 89-C-20 89-C-24 89-C-28 
Si02 69.89 71.05 72.23 70.74 68.14 70.54 
Ti02 0.37 0.34 0.3 0.26 0.44 0.27 
A1203 16.35 15.28 ,15.34 15.54 17.26 15.61 
Cr203 0 0 0 0 0.01 0 
Fe203T 3.26 3.77 2.45 2.73 2.69 2.98 
MnO 0.05 0.05 0.03 0.05 0.07 0.04 
MgO 1.28 1.2 1.27 1.35 1.51 1.08 
CaO 1.88 1.41 0.91 2.37 3 2.19 
Na20 5.37 5.67 6.15 6.13 6.03 5.93 
K20 1.76 1.39 1.16 0.99 1.03 1.32 
P205 0.12 0.11 0.09 0.1 0.14 0.11 
Total 100.33 100.26 99.94 100.26 100.32 100.07 
Zn 17.9 19.9 19.8 18 25 17.5 
Cu 8.7 3.1 21.5 20.4 -0.1 9.7 
Ni 7.2 6 5 7.1 17.8 4.4 
Co 4.3 5.5 5.1 8.1 10.9 5.1 
Cr 0.8 1.9 7 1.3 41.8 0.5 
V 56.1 41.4 36.5 29.4 44.2 46.9 
Ba 592.9 375.2 466 423.8 202.9 510 
Ga 16.2 14.6 15 13.8 18.2 15.5 
Rh 44.9 33.7 27 19.4 21.3 29.6 
Sr 168 167.6 136.8 302.7 170.7 241.5 
Y 9.2 12.6 6.9 9.8 6 10.9 
Zr 102.2 111.3 116.5 84.8 147.3 92.4 
Nb 4.3 4.5 4.3 3 1.8 3.5 
Pb 8.1 7.3 7.4 9.5 23.3 8 
Th 3.4 4.5 5.4 0.6 1.6 1.7 
U 1.4 2.8 2 1 0 1.5 
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Chinhoyi Group 2 Clasts Felsite 
89-C-21 89-C-22 89-C-23 89-C-29 89-C-27 
Si02 75.49 77.41 75.76 76.60 74.55 
Ti02 0.26 0.26 0.26 0.25 0.29 
A1203 13.09 12.48 12.63 12.8 12.89 
Cr203 0 0 0 0 0 
Fe203T 2.54 2.22 2.76 2.77 2.65 
MnO 0.05 0.02 0.04 0.02 0.05 
MgO 0.76 0.7 1.1 0.52 1.42 
CaO 1.72 0.66 1.66 0.92 2.59 
Na20 5.13 5.57 5.15 5.18 4.23 
K20 1 0.68 0.67 1.11 1.35 
P205 0.04 0.05 0.04 0.04 0.07 
Total 100.07 100.05 100.07 100.21 100.09 
Zn 12.4 12.2 20.2 10.7 20.7 
Cu 32.6 61.2 17.4 5.4 18.9 
Ni 1.2 4.5 3.7 2.7 6.2 
Co 4.1 6.6 7.4 1.2 5.8 
Cr -1 2 1.2 0 4.4 
V 16.5 20.7 18.6 11.7 34.3 
Ba 337.3 282.3 202.1 310.7 400.6 
Ga 12.1 11.5 11.4 12.4 11.6 
Rh 22.6 13.7 10.3 31.8 , 30.2 
Sr 111.4 183.5 83.4 115.8 166.5 
Y 34.1 29.2 30.7 36.3 27.9 
Zr 198.6 183.1 181.1 177.4 143.7 
Nb 8.6 8.4 7.5 8.2 7.4 
Pb 9.2 9.3 8.9 8 9.7 
Th 16.8 15.5 13.8 16.3 13.1 
U 5.3 4.2 2.4 4.5 3.4 
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Instrumental Neutron Activation Analysis (INAA) 
Analytical Technique. 
INAA was carried out in order to determine the concentrations of the 
Rare Earth Elements (REE) La, Ce, Nd, Srn, Eu, Tb, Yb and Lu; also Th, Co, Ta, 
and Hf. 0.3 g of rock powder was weighed into a polythene capsule and sealed. 
Nine samples and two standards were stacked into a cylinder, with weighed 
lacquered iron foil between each capsule to monitor the neutron flux 
variation along the length of the cylinder. The standards used included the 
irradiation standard AC(OURS). 
Samples were irradiated in the core tube at the Imperial College reactor 
centre, Ascot, in a thermal flux of 5 x 1012 n cm2 sec-1 for 24 - 30 hours. The 
samples were left for one week before analysis to allow short lived radioactive 
isotopes to decay; details of counting conditions, peak fitting, calibration and 
corrections are described in Potts et al. (1985). 
INAA Data Tables 
Shamva Neutron Activation Data 
sediment Group 1 Group 2 
89-5-3 89-5-14 89-5-22 89-5-23 89-5-24 89-5-19 89-5-20 89-5-25 89-5-26 
La 18.3 18.9 28 27.3 24.8 20.6 41.7 40.7 34 
Ce 33.9 35.2 48.3 46.4 44.1 42.4 83.4 76.3 69.2 
Nd 14.6 13.4 16 17 15.8 16.4 31.8 25.5 29 
5rn 2.52 2.32 2.25 2.51 2.21 2.74 5.55 4 5.8 
Fu 0.69 0.57 0.63 0.61 0.57 0.39 0.67 0.52 0.61 
1b 0.37 0.24 0.19 0.26 0.21 0.48 0.83 0.6 0.67 
Yb 1.36 0.67 0.62 0.75 0.72 1.54 2.8 2.01 0.64 
l.u 0.22 0.11 0.11 0.11 0.11 0.27 0.41 0.3 0.1 
Th 7.87 8.73 14.8 10.4 9.78 33.7 36.4 27.4 26.6 
U 3.64 1.18 1.7 1.29 2.43 7.74 5.67 5.34 3.86 
Ta 0.36 0.41 0.45 0.25 0.37 0.92 1.7 0.85 0.53 
Hf 2.19 2.82 3.51 3.52 3.78 3.09 4.35 3.27 3.41 
Na20 2.35 5.49 4.96 5.57 5.15 5.36 5.08 5.97· 5.67 
Rh 43 23 40 21 30 28 19 18 15 
Cs 0.71 0.54 1.31 0.55 0.61 0.31 0.42 0.27 0.25 
Co 22.7 2.9 5.5 3 2.7 t.6 0.3 1.5 1.6 
Fe203 5.8 1.8 2.9 2.1 2.1 1.2 2 1.2 0.9 
Se 13.7 2.7 2.8 3.1 2.5 2 3.6 2.7 1.1 
Cr 243 5 11 4 6 3 8 4 7 
220 Appendix A J.S.Dougherty-Page 
Chinhoyi Neutron Activation Data 
Sediment Group 1 Group 2 
89-C-4 89-C-16 89-C-19 89-C-20 89-C-24 89-C-21 89-C-22 89-C-29 89-C-27 
La 15.9 17 17.8 9.8 9 39.2 33.9 40.3 33.4 
Ce 33.5 33.6 29.8 198.7 18.3 71.3 68 73.2 62.6 
Nd 13.9 16.1 11.7 10 9.5 29.3 25 31.5 24.8 
Sm 2.53 2.55 1.86 1.74 1.8 4.99 4.4 5.49 4.38 
Eu 0.82 0.65 0.46 0.53 0.67 1.06 0.96 0.86 1.07 
1b 0.33 0.3 0.19 0.21 0.18 0.83 0.73 0.93 0.72 
Yb 1.05 1.06 0.47 0.77 0.36 3.17 3.05 3.45 2.72 
Lu 0.16 0.15 0.09 0.11 0.05 0.5 0.44 0.53 0.41 
Th 5.11 5.42 6.36 2.17 1.88 17.3 17.1 19.2 14.5 
U 1.7 1.37 1.46 0.72 0.4 3.95 3.49 4.31 3.49 
Ta 0.37 0.33 0.33 0.22 0.07 0.96 0.91 0.93 0.8 
H£ 2.5 3.3 3.3 2.5 3.75 6.09 5.55 5.69 4.6 
Na20 4 5.64 6.23 6.21 5.95 5.08 5.37 5.02 5.32 
Rh 82 42 38 31 29 32 22 43 41 
Cs 2.15 0.85 0.55 0.67 0.3 0.36 na 0.4 0.77 
Co 10.4 6 5.5 6.6 10.5 3 3.7 2.1 4.9 
Fe203 3.3 3.6 2.4 2.7 2.5 2.4 2.1 2.7 2.6 
Se 8.4 4.5 4.1 3.9 6 6.8 6.5 7.5 6.4 
Cr 75 7 10 7 45 6 6 7 10 
Standards (Whin Sill) analysed in this study compared with accepted values 
(from Potts et al. 1985) 
Standards Accepted 
Values 
La 25.5 25.8 25.5 
Ce 52.1 51.9 57.5 
Nd 30.9 30.7 32.9 
Sm 6.25 6.43 7.27 
Eu 2.09 2.09 2.25 
1b 1.00 1.01 1.09 
Yb 2.40 2.46 2.54 
Lu 0.38 0.36 0.39 
Th 2.84 2.94 3.05 
U 0.52 0.58 0.9 
Ta 1.13 1.13 1.26 
H£ 4.65·· 4.57 4.93 
Na20 2.65 2.68 2.7 
Rh 35 34 35.3 
Cs 1.06 1.19 1.03 
Co 48.8 48.8 47.4 
Fe203 13.4 13.2 12.62 
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List of values used to nonnalise REE data to chondrite in this thesis. 
Element Cl Chondrite (ppm) 
La 0.237 
Ce 0.612 
Pr 0.095 
Nd 0.467 
Srn 0.153 
Eu 0.058 
Gd 0.2055 
Tb 0.0374 
Dy 0.2540 
Ho 0.0566 
Er 0.1655 
Tm 0.0255 
Yb 0.170 
Lu 0.0254 
After Sun and McDonough, 1989 
List of partition coefficients used in this thesis. 
Cpx Opx Garnet Hornblende Plagioclase Allanite 
FC PM FC PM 
Sr 0.2 0.085 0.013 0.022 0.36 4.4 0.26 
Ba 0.05 0.029 0.022 0.044 0.33 0.31 0.6 
Y 0.03 0.09 16 12 1.9 0.055 0.6 100 
Rb 0.03 0.027 0.034 0.014 0.22 0.04 0.06 
Ni 4.8 1.2 12 7.3 0.38 0.1 
Zr 0.35 0.5 0.45 0.45 0.01 0.25 1 
Nb 0.3 0.2 1.3 1.3 0.025 0.025 2 
La 0.1 0.5 0.04 0.74 0.2 0.4 0.13 960 
Ce 0.2 0.15 0.08 1.52 0.3 0.27 0.11 940 
Nd 0.4 0.22 0.2 4.26 0.8 0.21 0.07 750 
Srn 0.6 0.27 1 7.77 1.1 0.13 0.05 620 
Eu 0.6 0.17 0.98 5.14 1.3 2.15 1.3 56 
Cd 0.7 0.34 3.8 10 1.8 0.097 0.04 440 
1b 0.7 7.5 11 2 0.09 0.037 270 
Dy 0.7 0.46 11 13 2 0.064 0.031 200 
Er 0.6 0.65 16 12 1.9 0.055 0.026 100 
Yb 0.6 0.86 21 8.38 1.7 0.049 0.024 54 
Lu 0.6 0.9 21 6 1.5 0.046 0.023 41 
Fe = fractional crystallisation, PM = partial melting. Coefficients reported in 
Luais and Hawkesworth (1994), which contains 'a complete reference list. 
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Appendix B 
Pb-Pb zircon and Sm-Nd 
Procedures and Data Tables 
Zircon Separation and Loading for the Kober Technique 
Sample preparation. 
Whole rock samples are split into small cubes, using a hydraulic 
splitter. The cubes are then cleaned in distilled water, to remove any possible 
, 
surface contamination, and once dry, are crushed to small chips using a jaw 
crusher. The size of the crushate is then reduced to :::; Imm using a disk 
grinder. The dust sized fraction (which would clog filters later in the 
separation process) is removed from the crushate by rinsing in water, and the 
sample is then dried under a heat lamp. A zircon rich concentrate is then 
prepared from the crushate by two stages of flotation in heavy liquids, 
followed by magnetic separation. Individual zircons are then hand-picked and 
placed on filaments for analysis by the Kober Technique. 
Heavy mineral concentration. 
The separation of heavy minerals is carried out by flotation in two 
overflow-type centrifuges, the larger of which was built as part of this project. 
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Figure App. 1 shows the large centrifuge. The centrifuge pot (4.5 litre 
capacity) is axially driven at 2,800 RPM by a 450 V electric motor. The 
centrifuge is constructed within a fume cupboard, as it was initially to be run 
using the heavy liquid bromoform (CHBr3; density"" 2.9 g/ cm3), which is toxic, 
both by contact and" inhalation, and requires trichloroethane (C2H3CI3) as a 
solvent. However, the heavy liquid used is an aqueous solution of the salt 
sodium polytungstate, diluted to a density of 2.8 g/cm3, which has the 
advantages of being non-toxic, and easy to recover from heavy-liquid saturated 
separates, simply using distilled water as a solvent. 
The sample is mixed with heavy liquid in the bowl above the 
centrifuge, and the resulting slurry is passed down into the centrifuge. 
Minerals with densities ~ 2.8 g/ cm3 (eg zircon, sphene, apatite, monazite, 
pyroxenes, biotite, hornblende) are retained within the centrifuge, and 
minerals less dense than 2.8 g/cm3 (eg feldspars and quartz) are washed out of 
the centrifuge pot as further heavy liquid is added, to be collected in a sump: 
The heavy liquid is filtered from the light minerals (the filtration process is 
speeded by use of a rotary vacuum pump), and pumped back up into a header 
tank, from where it is mixed with more crushate. 
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Centrifuge __ -I-. 
Pot 
The Centrifuge, With 
Bromoform Mixing And 
Circulation Systems. 
~==::Z::;']Nozzle 
Bucket 
Sight 
Tube 
Lid 
Sump 
Tap 
Drive Belt iiii ..... Metal Ring 
~";':';'~'::;:=;::';'~'::;:=;::';'~':';'~'''''''-Fi1 ter Paper 
Electric Motor Tap 
Rotary Vacuum pump 
Pump 
~ Tap 
t 
Figure App.1 Schematic diagram of the large centrifuge used in this work for the first stage in 
the preparation of a zircon-rich separate. 
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Once all the sample has been processed in this way, the bucket containing the 
light minerals is removed, and the light minerals are rinsed to recover the 
heavy liquid that they are saturated in. A second bucket is placed in the sump. 
, 
The centrifuge assembly is stripped down, and the remaining heavy liquid and 
minerals are blown out of the centrifuge pot and into the sump using 
compressed air (figure App 2). 
Compressed Air Inlet 
. " 
t 
To Sump 
Figure App 2 Apparatus used to remove liquid and heavy minerals from the centrifuge pot 
The dense separate is then rinsed in distilled water to extract any 
remaining sodium polytungstate. The water used to rinse the separates is then 
evaporated until it reaches the required density of 2.8 g/ cm3. In this way, over 
95% of the sodium polytungstate may be recovered. 
The dense separate is then processed in a small centrifuge (which operates 
on the same principle as the large centrifuge), using the heavy liquid di-iodo-
methane (CH212; density ::= 3.3 g/ cm3), which is recovered from the separates 
using trichloroethane as a solvent. The dense separate consists of zircon, 
sphene, apatite, monazite, sulphides, magnetite and metal "swarf" from the disk 
grinder. Magnetite and swarf are removed using a magnet, and the remaining 
material is passed several times through.a Frantz electromagnetic separator, 
with the intensity of separation gradually inc~easing, removing minerals with 
magnetic properties such as sphene and monazite, to produce a zircon rich 
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separate, from which zircons may be hand-picked and loaded onto filaments for 
analysis. 
Loading Filaments for the Kober Technique 
Filament preparation 
The evaporation filament (the filament into which the zircon is loaded) 
must be folded into a "canoe" to receive the zircon. This canoe is made by the 
following method. 
The material used for the evaporation filament is 0.7 mm wide zone-
r~fined Re. Before a strip of filament "Yire is welded onto its holder, a dent 
approximately 5 mm long is made at its centre, using the indentor (a modified 
letter "l" from a printing set) shown in figure App 3a. The filament is then 
welded to a holder, following normal filament making procedu;es. The dent 
in the filament is used as guide to fold the filament into a steep, symmetrical 
"v" shape, using a pair of tweezers, the spacing of teeth on which is 
approximately 0.7 mm. The ends of this "v" are then pressed together using a 
flat-faced pair of tweezers, to create a "canoe". The filament is then outgassed 
at 4.5 A for 10 minutes under high vacuum (> 10-6 torr). 
A 
~Indentor 
U~Filament 
r--------t~ I 
0.7mm 
B 
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Zircon in 
Evaporation 
Filament 
~. 
Ionization 
Filament 
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Figure App 3 (a) apparatus used to indent filaments as part of the process of crimping zircons 
into filaments. (b) sketch showing the optimum positioning of evaporation and ionization 
filaments. 
The zircon is .loaded into the filament by placing a drop of (teflon 
distilled) water in the "canoe" and placing a zircon into this. The zircon 
,(usually) floats on the surface tension of the drop of water. As the water 
evaporates, the zircon is drawn down into the canoe, which is carefully folded 
up around the zircon using narrow, flat faced tweezers to produce a finished 
filament as shown in photo 2.1. The filament is then loaded onto the 
magazine, and carefully aligned with the ionisation filament (also 0.7 mm Re) 
as shown in figure App 3b, allowing the zircons to be analysed by the 
incremental heating technique described in Chapter 2. Analyses of the zircons 
were carried out on a Finnigan MAT 261 solid source, multi-collector mass 
spectrometer, interfaced with a HP 9836 computer using software designed by 
D.W. Wright and P.W.c. van Calsteren. Angling the ionisation filament as 
shown in figure App 3b (H. Chapman, pers. comm) was found to greatly 
increase beam intensities. There is probably an optimum separation of 
ionisation and evaporation filaments at any given emission temperature to 
allow the maximum amount of material from the zircon to plate the 
ionisation filament during a deposition cycle, and angling the ionization 
filament probably increases beam intensities by maximizing the surface area at 
the critical separation distance. 
The zircon standards' were run against the standard NBS 983, loaded 
onto 0.7 mm Re filaments with silica gel and phosphoric acid, and analysed on 
the Finnigan MAT 261 solid source, multi-collector mass spectr0r:'-eter. The 
standard was assumed to have the isotope ratios 208Pb /206Pb = 0.013619 ± 
0.000024, 207Pb/206Pb = 0.071201 ± 0.000040, 204Pb/ 206Pb = 0.000371 ± 0.000020. 
The standard was shown to be sensitive to ,addition of common Pb, and 
estimated loading blanks (figure App 4) were found to correspond closely to 
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spiked loading blank analyses carried out at this time (P.W.C. van Calsteren, 
pers. comm.) 
0.0150 
0.0148 
0.0146 
@ 
~ 0.0144 
... 
~ 
"'0 0" 0.0142 
0.0140 
0.0138 
0.0136 
0.0712 
Fractionation 
0.0713 
·o~ .~ 
-0..0;; 
~ ~'Q + 
o # 20pg 
cP 
0.0714 0.0715 0.0716 
207Pb/206Pb 
0.0717 
Figure App 4 Some analyses of the standard NBS 983 carried out during this < thesis, showing 
the vectors for addition of common Pb (with the estimated amount of contamination in pico-
grams), and fractionation. 
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Zircon data tables Shamva Group 1 
89-5-14 
Zircon 208/206 207/206 error 204/206 Age Index 
in 7/6 (*108) 
Red Crystals 
2 0.16549 0.21730 62 0.000401 2926 0.04 
0.15495 0.21976 6 0.000183 2963 0.96 
0.10801 0.22999 5 0.000036 3049 5.43 
0.10407 0.23956 6 0.000021 3115 8.20 
0.13306 0.25058 27 0.000013 3187 2.83 
0.14889 0.25553 54 0.000014 3218 1.34 
4 0.05019 0.21045 10 0.000112 2899 0.89 
0.03622 0.22437 15 0.000074 3006 0.87 
0.05504 0.23341 4 0.000163 3062 1.50 
0.08413 0.24108 5 0.000106 3119 1.92 
0.11302 0.24869 7 0.000061 3173 2.49 
0.13042 0.25010 21 0.000057 3181 0.83 
0.14198 ..0.25270 10 0.000027 3200 3.69 
0.14971 0.25375 52 0.000026 3205 0.73 
5 0.07936 0.18404 42 0.000361 2649 0.07 
0.06935 0.20368 22 0.000161 2840 0.28 
0.05662 0.21840 12 0.000120 2959 0.71 
0.06478 0.22476 15 0.000142 3003 0.47 
0.07183 0.23148 6 0.000176 3048 0.98 
0.08513 0.23912 12 0.000036 3111 2.27 
0.10611 0.24501 14 0.000022 3151 3.22 
0.11457 0.24526 11 0.000021 3153 4.29 
0.13390 0.25207 7 0.000008 3197 16.07 
6 0.12103 0.24341 27 0.000137 3132 0.27 
8 0.08338 0.21899 31 0.000175 2958 0.19 
0.08092 0.22725 5 0.000038 3030 5.05 
0.07866 0.23164 25 0.000039 3060 1.01 
0.08085 0.23433 7 0.000034 3079 4.47 
0.08945 0.23787 15 0.000053 3102 1.22 
0.09610 0.24025 9 0.000035 3119 3.07 
0.10270 0.24356 4 0.000046 3140 6.19 
0.09038 0.23514 97 0.000059 3083 0.18 
18 0.11673 0.21369 15 0.000152 2920 0.44 
0.07316 0.22129 19 0.000367 2960 0.14 
0.03666 0.22121 28 0.000149 2977 0.24 
0.03499 0.22232 19 0.000196 2982 0.26 
0.03733 0.22273 15 0.000156 2987 0.43 
0.04270 . 0.22520 7 0.000121 3008 1.22 
0.05332 0.23209 16 0.000076 3061 0.85 
0.07004 0.23773 14 0.000074 3099 0.96 
0.09590 0.24542 3 0.000031 3153 9.90 
0.12267 0.25268 11 0.000011 3201 8.34 
0.12812 0.25318 88 0.000018 3203 0.62 ~ 
White Crystals 
3 0.08726 0.20208 179 0.000383 2806 0.01 
9 0.07306 0.18937 220 0.000194 2717 0.02 
0.07829 0.19106 26 0.000118 2739 0.32 
0.08292 0.19418 13 0.000081 2770 0.94 
0.08041 0.19487 16 0.000068 2777 0.93 
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89-5-14 (continued) 
Zircon 208/206 207/206 error 204/206 Age Index 
in 7/6 (*108) 
9 (cont) 0.07538 0.19421 19 0.000074 2771 0.72 
0.07274 0.19175 9 0.000102 2747 1.10 
0.08261 0.19543 13 0.000102 2778 0.78 
0.06694 0.19461 19 0.000084 2773 0.64 
11 0.11199 0.19232 11 0.000326 2729 0.27 
0.11195 0.19683 20 0.000225 2778 0.22 
0.11450 0.19861 24 0.000144 2801 0.29 
0.11208 0.19834 16 0.000120 2801 0.52 
0.11743 0.19784 27 0.000117 2797 0.32 
0.11980 0.19937 14 0.000142 2808 0.50 
0.12282 0.19940 7 0.000085 2813 1.66 
0.11795 0.19892 10 0.000037 2813 2.86 
0.13640 0.19993 15 0.000029 2822 2.23 
0.18908 0.20336 30 0.000015 2852 2.22 
12 0.08733 0.17609 11 0.000265 2586 0.36 
0.10893 0.18777 14 0.000113 2711 0.61 
0.10698 0.19142 9 0.000108 2743 1.01 
0.11266 0.19584 9 0.000073 2784 1.46 
0.11927 0.19783 39 0.000066 2802 0.39 
0.11647 0.19711 10 0.000075 2795 1.33 
0.11869 0.19806 38' 0.000070 2803 0.38 
0.11795 0.19786 24 0.000058 2802 0.73 
0.11550 0.19994 39 0.000047 2822 0.54 
89-5-23 
Zircon 208/206 8/6 207/206 7/6 204/206 4/6 Age Index 
error error error (*108) 
1 0.11584 304.3 0.23341 102.5 0.000276 40.5 3054 0.00 
0.25082 335.6 0.24946 7.1 0.000032 2.2 3179 0.44 
0.28041 158.9 0.24785 3.8 0.000042 1.2 3168 0.62 
0.27262 287.0 0.24736 2.9 0.000037 2.1 3165 0.94 
0.28992 175.6 0.24800 1.8 0.000024 0.8 3171 2.38 
0.33358 487.7 0.24974 2.5 0.000018 1.3 3182 2.21 
2 0.21397 142.7 0.20619 14.4 0.000285 9.9 2849 0.02 
0.24176 211.3 0.22058 3.6 0.000031 0.2 2982 0.88 
0.23422 335.2 0.22072 3.4 0.000017 1.3 2984 1.74 
6 0.30883 0.7 0.21643 2.6 0.000079 0.9 2954 0.49 
0.30563 9.2 0.21651 1.2 0.000065 0.7 2955 1.32 
7 0.11796 2.0 0.21401 1.7 0.000024 0.7 2934 2.48 
10 0.08939 2.1 0.16297 1.8 0.000485 3.7 2424 0.12 
0.93975 1.5 0.17404 1.3 0.000407 0.8 2548 0.19 
0.11248 1.7 0.19336 1.4 0.000254 1.6 2745 0.29 
0.12219 0.9 0.20754 1.1 0.000127 1.0 2875 0.74 
0.13166 0.2 0.21120 0.2 0.000126 0.2 2904 3.45 
0.12848 3.4 0.21398 3.3 0.000062 1.0 2930 0.49 
11 0.18669 1.6 0.17953 1.5 0.000998 2.4 2532 0.07 
0.14887 1.9 0.18642 0.9 0.000684 2.1 2636 0.17 
0.14742 1.2 0.19140 0.9 0.000569 1.4 2695 0.20 
0.15644 0.8 0.19940 0.7 0.000496 1.5 2772 0.29 
0.13504 2.5 0.21039 0.6 0.000614 32.1 2852 0.28 
0.14458 1.1 0.21864 1.2 0.000466 1.1 2930 0.17 
12 0.11900 1.8 0.19778 1.5 0.000140 1.0 2794 0.49 
l.S. Dougherty-Page Appendix B 231 
89-5-23 (continued) 
Zircon 208/206 error 207/206 error 204/206 error Age Index 
in 8/6 in 7/6 in 4/6 ("'108) 
13 0.11700 1.0 0.19481 0.9 0.000259 0.6 2757 0.43 
0.14177 1.2 0.19887 1.5 0.000251 1.8 2793 0.26 
0.14687 3.2 0.20018 3.3 0.000242 3.1 2804 0.13 
15 0.07079 6.6 0.22678 1.4 0.000090 0.7 3022 0.80 
0.08061 1.6 0.23419 1.9 0.000030 0.3 3079 1.72 
0.05603 2.8 0.23673 3.5 0.000031 58.0 3095 0.92 
0.04672 1.4 0.23951 1.0 0.000032 0.7 3114 3.25 
16 0.11475 0.3 0.20120 0.9 0.000366 0.7 2801 0.31 
0.13382 0.6 0.23236 0.6 0.000080 0.4 3062 2.22 
0.13545 1.6 0.23906 1.2 0.000064 0.5 3109 1.27 
17 0.17801 3.7 0.20955 2.9 0.000219 1.9 2882 0.16 
0.25408 0.2 0.21364 0.4 0.000058 1.1 2922 3.89 
20 0.10066 11.6 0.19836 11.4 0.000355 5.1 2778 0.02 
0.12691 20.1 0.21281 1.2 0.000046 2.3 2923 1.79 
-
Shamva Group 2 
89-5-25 
208/206 error 207/206 error 204/206 error Age Index 
in 8/6 in 7/6 in 4/6 ("'108) 
1 0.16637 169.7 0.21519 21.6 0.000036 2.1 2942 1.29 
2 0.12768 194.1 0.21322 25.4 0.000411 95.3 2893 0.10 
0.14180 96.9 0.21242 18.0 0.000073 2.7 2918 0.76 
0.14193 33.6 0.21272 8.7 0.000112 1.5 2917 1.02 
0.12868 101.1 0.21263 6.2 0.000010 0.4 2925 16.37 
3 0.13809 28.1 0.19817 11.3 0.000120 1.3 2799 0.73 
0.20622 26.0 0.20924 7.6 0.000063 0.5 2894 2.09 
0.19361 0.6 0.20870 52.0 0.000063 0.4 2888 0.30 
4 0.20038 45.8 0.24169 19.1 0.000720 8.5 3076 0.07 
0.20356 1.6 0.24337 3.5 0.001118 857.0 3056 0.26 
5 0.12317 16.4 0.16983 8.0 0.000604 4.4 2479 0.21 
0.14744 57.9 0.19202 31.0 0.000280 5.4 2730 0.12 
9 0.13846 737.8 0.21148 202.7 0.000497 132.0 2872 0.01 
0.15113 710.4 0.21847 169.6 0.000864 194.1 2893 0.01 
0.14296 50.8 0.21002 39.0 0.000099 0.2 2897 0.26 
0.13210 59.5 0.21251 18.7 0.000131 3.0 2913 0.41 
0.13285 270.5 0.21450 19.3 0.000140 14.2 2928 0.37 
10 0.10259 20.1 0.19115 16.6 0.000724 7.8 2675 0.08 
0.09818 32.9 0.19186 27.9 0.000755 17.9 2679 0.05 
0.07441 2.5 0.21996 3.0 0.000209 0.4 2963 1.60 
0.07452 13.3 0.22070 13.3 0.000189 1.8 2970 ~ 0.40 
0.06101 17.3 0.24001 7.7 0.000052 0.9 3116 2.50 
lW6487 39.6 0.23736 6.7 0.000072 0.4 3097 2.07 
11 0.16981 307.8 0.21349 1030.0 0.000080 10.7 2926 0.01 
12 0.08555 45.8 0.18414 21.0 0.000432 12.9 2463 0.11 
0.10326 18.0 0.18702 7.2 0.000306 3.0 2683 0.45 
0.16427 26.7 0.20314 9.5 0.000131 1.2 2839 0.80 
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89-5-12 
Zircon 208/206 error 207/206 error 204/206 error Age Index 
in 8/6 in 7/6 in 416 (*108) 
1 0.13350 85.7 0.20152 146.6 0.000153 3.2 2842 0.04 
0.11711 17.9 0.20644 20.0 0.000050 0.9 2873 1.01 
0.10627 26.4 0.21047 25.2 0.000063 1.2 2904 0.63 
0.10197 38.9 0.21178 37.6 0.000017 0.6 2917 1.54 
0.10289 28.2 0.21242 30.0 0.000036 0.4 2921 0.93 
0.10305 17.8 0.21197 22.3 0.000013 0.3 2920 3.50 
0.10497 14.7 0.21198 9.1 0.000044 0.7 2917 2.52 
0.10303 12.3 0.21252 15.2 0.000052 0.7 2920 1.27 
0.10025 9.3 0.21210 16.1 0.000012 0.3 2921 5.11 
2 0.12237 25.4 0.17969 24.1 0.000377 1.4 2607 0.11 
0.11868 12.8 0.18163 7.3 0.000340 1.3 2660 0.40 
0.12462 25.1 0.18775 31.2 0.000262 2.2 2695 0.12 
0.01266 13.6 0.19232 21.8 0.000198 2.1 2742 0.23 
0.13413 8.4 0.19713 9.1 0.000090 0.6 2794 1.22 
0.17352 78.0 0.20825 10.8 0.000392 1.2 2856 0.24 
0.18844 23.9 0.20747 13.2 0.000059 0.7 2880 1.29 
0.20696 7.3 0.20833 9.6 0.000050 0.8 2888 2.08 
0.21227 8.6 0.20828 10.6 0.000057 0.9 2887 1.65 
0.21762 21.2 0.20892 22.1 0.000083 0.9 2890 0.54 
0.23007 23.4 0.20852 8.2 0.000036 0.5 2891 3.42 
0.24594 18.6 0.20894 10.6 0.000030 0.6 2894 3.12 
0.25263 22.6 0.20869 19.1 0.000017 0.5 2894 3.14 
0.02530 25.5 0.20948 20.1 0.000017 0.4 2900 2.97 
0.25274 27.8 0.20926 20.7 0.000018 0.3 2898 ' 2.74 
3 0.10909 14.3 0.18769 36.6 0.000140 0.4 2708 0.20 
0.11675 120.8 0.19323 94.5 0.000072 1.3 2762 0.15 
0.11990 15.5 0.19942 15.7 0.000052 1.2 2817 1.23 
0.12224 27.0 0.20494 81.0 0.000031 0.7 2863 0.40 
0.11711 46.0 0.20923 24.3 0.000027 0.9 2897 1.50 
0.13017 34.8 0.21331 39.5 0.000021 0.9 2929 1.18 
0.11908 47.4 0.21517 49.7 0.000088 1.8 2937 0.23 
4 0.16246 81.6 0.17546 64.8 0.000322 4.5 2573 0.05 
0.13747 63.0 0.17905 71.4 0.000200 5.1 2622 0.07 
0.14060 32.0 0.18311 15.6 0.000026 0.4 2679 2.47 
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89-5-19 
Zircon 208/6 8/6 207/6 7/6 204/6 error Age Index 
error error in 4/6 ("'108) 
1 0.09714 941.9 0.18996 964.1 0.000207 206.6 2720 0.01 
0.13267 659.7 0.19540 66.5 0.000153 152.7 2773 0.10 
0.12220 4310.6 0.18829 632.7 0.000146 145.8 2712 0.01 
0.14507 1078.0 0.19792 4725.8 0.000155 154.9 2794 0.00 
0.14396 431.5 0.19967 1010.1 0.000150 150.2 2809 0.01 
0.18297 136.3 0.21701 107.6 0.000145 145.5 2946 0.06 
2 0.19584 22.5 0.22032 12.4 0.000983 982.7 2987 0.08 
0.14976 24.0 0.21837 27.1 0.000678 678.4 2910 0.05 
0.15112 1.4 0.21603 1.6 0.000393 393.1 2917 1.62 
0.16758 3.2 0.22189 0.5 0.000576 575.8 2945 3.47 
3 0.11836 6.6 0.18734 5.7 0.000756 755.5 2636 0.23 
0.11774 1.8 0.19844 1.5 0.000500 499.9 2763 1.33 
0.12596 29.0 0.20280 2.8 0.000459 458.7 2804 0.78 
0.12288 34.9 0.20053 3.0 0.000409 408.9 2790 0.82 
4 0.12587 37.6 0.20809 31.2 0.000179 178.9 2874 / 0.18 
0.12852 9.6 0.21006 5.3 0.000143 143.2 2893 1.32 
0.13603 7.8 0.21238 10.0 0.000144 144.4 2911 0.69 
5 0.15527 3.9 0.21638 3.4 0.000357 357.2 2923 0.82 
0.15599 4.1 0.21787 3.0 0.000246 245.7 2944 1.36 
6 0.10035 16.0 0.17483 17.7 0.000266 266.4 2573 0.21 
0.09821 8.0 0.17085 9.0 0.000276 275.8 2532 0.40 
0.09753 4.8 0.17055 5.0 0.000268 268.4 2529 0.75 
0.15526 9.2 0.20365 4.7 0.000161 160.7 2840 1.32 
7 0.14723 63.4 0.18690 40.6 0.000503 503.1 2660 0.05 
8 0.14210 14.3 0.20677 23.4 0.000405 405.1 2843 0.11 
9 0.10421 86.7 0.20128 128.7 0.000261 261.4 2812 0.03 
10 0.10865 122.8 0.20068 129.6 0.000309 309.0 2802 0.02 
0.14997 9.8 0.21624 2.1 0.000283 282.7 2928 1.68 
11 0.13850 3.4 0.20769 18.4 0.000165 165.0 2872 0.33 
12 0.14526 36.2 0.21248 49.9 0.000062 61.7 2919 0.32 
13 0.14714 13.2 0.20934 7.1 0.000248 248.2 2878 0.57 
0.14739 6.5 0.20916 30.7 0.000273 272.7 2874 0.12 
0.14687 4.2 0.20858 2.1 0.000209 208.7 2875 2.30 
0.14720 3.7 0.20871 3.9 0.000282 282.5 2870 0.91 
0.13728 1.4 0.21577 168.3 0.000114 114.0 2939 0.05 
14 0.14729 20.0 0.21357 1.7 0.000366 365.8 2900 1.61 
0.13464 109.2 0.21313 137.2 0.000372 371.6 2897 0.02 
15 0.14581 4.5 0.21573 3.7 0.000074 73.7 2943 3.67 
18 0.15350 188.5 0.21212 256.6 0.000437 437.1 2882 0.01 
0.18432 114.4 ·0.22147 132.9 0.000990 989.9 2906 0.01 
0.22664 25.5 0.23256 11.2 0.001876 1875.9 2912 0.05 
0.16119 3.9 0.21626 38.3 0.000364 363.8 2921 0.07 
0.16257 307.1 0.21636 316.1 0.000116 116.3 2944 0.03 
19 0.12422 811.9 0.22313 886.2 0.000423 423.3 2968 O~OO 
0.15260 38.5 0.21250 24.4 0.000505 504.6 2879 0.08 
0.14726 13.0 0.21206 10.4 0.000307 307.3 2894 0.31 
0.14994 7.7 0.21513 3.4 0.000234 233.6 2924 1.26 
0.16472 17.1 0.22045 6.2 0.000339 338.6 2955 0.48 
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Chinhoyi Group 1 
89-C-15 
zircon 208/206 error 207/206 error 204/206 error Age Index 
in 8/6 in 7/6 in 4/6 (*108) 
1 0.16237 50.1 0.18855 10.7 0.000126 1.2 2716 0.74 
0.16941 15.5 0.19601 19.3 0.000679 1.7 2722 0.08 
0.15096 43.7 0.19128 49.4 0.000330 2.9 2718 0.06 
0.14432 16.2 0.19014 26 0.000233 1.9 2719 0.17 
0.13218 46.9 0.18822 20.9 0.000032 0.5 2723 1.49 
0.12297 37.7 0.18809 35.7 0.000030 1.2 2722 0.94 
0.12160 27.0 0.18788 26.3 0.000038 1.0 2720 1.01 
0.11513 29.4 0.18829 32.3 0.000038 2.4 2723 0.82 
2 0.16237 17.1 0.18855 10.7 0.000126 1.2 2716 0.74 
0.17341 10.8 0.18841 8 0.000099 0.7 2718 1.26 
0.16687 8.7 0.18822 4.3 0.000090 0.7 2717 2.58 
0.16042 7.7 0.18894 6.5 0.000121 0.8 2720 1.28 
0.15845 8.9 0.18958 11.5 0.000151 1.2 2723 0.58 
0.18029 20.8 0.19044 10.9 0.000194 2.0 2725 0.47 
3 0.17450 6.7 0.18699 6.6 0.000323 0.5 2681 0.47 
0.17023 10.8 0.18680 69 0.000023 0.4 2712 0.62 
0.16487 16.6 0.18709 14.9 0.000023 0.5 2715 2.92 
0.16702 14.4 ~ 0.18719 8.6 0.000033 0.9 2714 3.55 
0.16151 27.7 0.18843 24.8 0.000019 0.5 2726 2.08 
0.16429 133.4 0.18920 72.7 0.000022 1.3 2733 0.62 
4 0.15335 37.6 0.18792 38.3 0.000034 1.2 2721 0.76 
0.15167 27.6 0.18733 26.8 0.000034 0.8 2716 1.08 
0.15080 47.3 0.18916 42.2 0.000027 1.0 2732 0.87 
0.16389 23.9 0.19151 26.3 0.000384 1.8 2715 0.10 
0.15802 3.2 0.18963 6.2 0.000649 0.7 2669 0.25 
0.16503 4.9 0.19088 10.5 0.000344 0.3 2714 0.28 
0.15998 6.2 0.19019 4.9 0.000263 0.1 2715 0.78 
0.15902 6.2 0.18939 17.9 0.000146 1.3 2722 0.38 
0.15607 16.4 0.18958 19.3 0.000144 1.5 2723 0.36 
0.15771 6.4 0.18967 5.8 0.000211 1.0 2717 0.82 
6 0.15430 9.3 0.18898 4.8 0.000152 0.6 2717 1.37 
0.15929 5.7 0.18930 6.5 0.000178 1.1 2717 0.87 
0.15523 8.7 0.18894 5.7 0.000142 0.5 2718 1.24 
0.15993 6.3 0.18941 6.3 0.000063 18.4 2730 2.52 
0.15085 1.0 0.18819 13.9 0.000083 0.7 2717 0.87 
0.15315 4.4 0.18798 5.7 0.000060 0.7 2718 2.91 
0.15213 4.4 0.18775 6.6 0.000031 0.3 2719 4.94 
0.16190 9.2 0.18799 6 0.000039 1.9 2721 4.28 
0.16618 14.3 0.18800 8.2 0.000027 0.4 2722 4.56 
0.15738 17.4 0.18798 8.5 0.000023 0.4 2723 5.22 
0.16946 12.8 0.18826 9.7 0.000048 1.2 2722 2.15 
0.16793 14.7 0.18838 15.5 0.000015 0.4 2726 4.16 
0.16309 19.1 0.18777 23.9 0.000018 0.5 2721 2.32 
0.15784 6.9 0.18828 15.2 0.000015 0.2 2725 4.52 
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89-C-20 
zircon 208/206 error 207/206 error 204/206 error Age Index 
in 8/6 in 7/6 in 4/6 ("108) 
2 0.17884 16.5 0.20436 18.2 0.000035 2.3 2858 1.57 
4 0.24817 73.8 0.22394 7.9 0.002281 4.4 2799 0.06 
0.18092 28.1 0.20708 46.7 0.000875 3.7 2798 0.02 
0.19508 11.7 0.21156 9.1 0.000996 2.4 2823 0.11 
0.20026 7.2 0.21372 3.0 0.001051 3.9 2835 0.32 
0.25910 29.6 0.23436 15.9 0.002291 6.2 2884 0.03 
0.16314 33.8 0.20347 19.5 0.000105 1.5 2844 0.49 
0.17001 7.8 0.20459 9.1 0.000114 0.9 2852 0.96 
0.18957 15.3 0.20859 13.5 0.000283 1.8 2868 0.26 
0.21757 42.1 0.21471 31.8 0.000659 4.2 2882 0.05 
0.18496 40.8 0.20560 30.8 0.000014 0.7 2870 2.32 
0.19745 38.6 0.20668 16.1 0.000011 0.3 2879 5.43 
3 0.16841 19.5 0.20117 15.6 0.000619 3.0 2774 0.10 
0.18120 56.7 0.20833 15.0 0.000842 15.4 2812 0.08 
0.17444 20.7 0'.20659 8.2 0.000538 1.6 2827 0.23 
0.16842 15.2 0.20510 13.9 0.000332 1.4 2835 0.22 
0.21789 39.9 0.22240 26.0 0.001530 14.8 2860 0.03 
0.16864 25.3 0.20477 26.0 0.000163 1.3 2849 0.24 
0.17173 261.9 0.20919 214.6 0.000168 5.6 2883 0.03 
0.17636 122.0 0.20655 12.4 0.000112 1.0 2868 0.72 
6 0.20053 14.6 0.19497 83.3 0.001245 7.9 2651 0.01 
0.17329 13.8 0.19811 13.3 0.000410 2.0 2769 0.18 
0.16412 16.3 0.19940 17.1 0.000221 1.6 2798 0.27 
0.16593 16.0 0.20091 15.9 0.000228 4.5 2811 0.28 
0.17104 23.9 0.20456 19.7 0.000314 1.9 2833 0.16 
0.18095 45.5 0.21202 36.3 0.000686 2.6 2857 0.04 
0.20349 33.0 0.22244 49.6 0.001461 8.9 2868 0.01 
7 0.16246 16.1 0.18295 7.7 0.000430 2.7 2631 0.30 
0.14428 11.9 0.19381 12.2 0.000119 0.5 2762 0.69 
0.14767 6.2 0.19362 9.0 0.000101 0.9 2778 1.10 
0.14910 4.9 0.19548 7.9 0.000070 0.6 2782 1.81 
0.14466 9.2 0.19654 4.1 0.000056 0.5 2792 4.39 
0.13833 10.4 0.19659 9.2 0.000052 0.5 2793 2.08 
0.14294 6.5 0.19733 7.0 0.000052 0.4 2799 2.76 
0.13811 7.4 0.19680 4.1 0.000051 0.5 2794 4.83 
0.13704 11.5 0.19886 9.9 0.000051 0.3 2812 1.97 
0.13380 2.7 0.19906 5.8 0.000037 0.3 2815 4.62 
0.18232 12.7 0.21465 6.8 0.000950 2.0 2853 0.15 
0.15000 8.1 0.20378 5.2 0.000030 0.3 2854 6.31 
0.14474 6.5 '0.20265 6.3 0.000518 0.3 2797 0.31 
0.14290 8.3 0.20304 8.3 0.000069 0.6 2844 1.76 
0.15037 32.3 0.20372 8.3 0.000097 7.1 2847 1.25 
0.14943 103.3 0.20481 67.9 0.000058 1.2 2860 0.25 
0.14095 120.7 0.19919 274.4 0.000037 1.7 2816 0,10 
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89-C-28 
Zircon 208/206 error 207/206 error 204/206 error Age Index 
in 8/6 in 7/6 in 4/6 (*108) 
1 0.18500 32.4 0.19622 29.9 0.000597 3.4 2734 0.06 
0.18244 47.5 0.19532 38.6 0.000551 4.2 2730 0.05 
0.16274 18.9 0.19789 26.1 0.000110 1.1 2798 0.35 
0.16853 88.7 0.19893 38.6 0.000115 2.5 2806 0.22 
0.16402 14.0 0.20012 20.6 0.000139 1.5 2813 0.35 
0.11589 48.0 0.20084 23.6 0.000117 1.6 2822 0.36 
2 0.15284 43.5 0.18119 34.0 0.000087 1.3 2653 0.34 
0.13934 113.2 0.18213 277.8 0.000069 3.6 2664 0.05 
0.14571 113.2 0.18576 69.2 0.000067 1.5 2698 0.21 
4 0.20520 12.1 0.19204 3.7 0.001149 1.6 2634 0.24 
0.24197 21.7 0.21612 6.8 0.002132 3.4 2746 0.07 
0.17765 8.3 0.20039 13.0 0.000671 2.4 2762 0.11 
0.16162 4.7 0.19917 5.1 0.000263 1.3 2794 0.74 
0.16865 7.9 0.20026 5.9 0.000310 2.6 2798 0.55 
0.16657 9.7 0.19956 49.0 0.000251 1.0 2798 0.08 
0.16206 7.6 0.19968 5.4 0.000251 1.0 2789 0.74 
0.16315 11.0 0.19915 8.5 0.000175 1.2 2802 0.67 
0.16435 4.0 0.20021 6.8 0.000180 1.1 2810 0.82 
0.16820 3.0 0.20164 9.3 0.000255 2.4 2814 0.42 
0.17743 29.1 0.20481 20.4 0.000461 8.8 2821 0.11 
0.16215 12.9 0.20038 11.1 0.000733 1.1 2755 0.12 
0.16168 11.7 0.20138 10.0 0.000059 0.5 2831 1.69 
0.16529 9.8 0.20225 7.9 0.000059 0.7 2839 2.14 
0.17548 12.9 . 0.20320 10.6 0.000059 0.7 2846 ' 1.59 
0.16473 20.7 0.20544 11.1 0.000039 0.5 2866 2.29 
0.17760 17.3 0.20613 13.4 0.000054 1.1 2870 1.38 
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Chinhoyi Group 2 
89-C-23 
zircon 208/206 error 207/206 error 204/206 error Age Index 
in 8/6 in 7/6 in 4/6 (*108) 
2 0.14935 15.0 0.20663 15.5 0.000011 0.3 2878 5.83 
0.13005 3.6 0.20616 3.0 0.000013 0.2 2875 25.84 
4 0.13926 5.2 0.20584 2.2 0.000010 0.3 2872 43.37 
5 0.13065 5.1 0.20633 3.7 0.000007 0.2 2876 37.38 
6 0.12975 6.4 0.20355 4.4 0.000018 0.2 2853 12.93 
0.12271 5.1 0.20509 6.0 0.000011 0.2 2866 15.83 
7 0.15301 8.7 0.20266 4.4 0.000301 1.0 2819 0.76 
0.13795 6.8 0.20321 3.8 0.000076 0.5 2845 3.47 
0.13610 4.8 0.20442 4.1 0.000045 0.3 2857 5.46 
0.13458 5.2 0.20534 2.7 0.000031 0.3 2866 12.11 
0.13624 13.8 0.20623 12.7 0.000029 0.3 2874 2.69 
0.13171 3.1 0.20592 1.6 0.000018 0.1 2872 34.41 
0.13215 2.6 0.20593 2.0 0.000016 0.2 2872 30.76 
0.13292 2.5 0.20604 1.4 0.000014 0.2 2873 50.08 
0.13097 3.4 0.20593 1.8 0.000010 0.1 2873 56.98 
0.13126 4.5 0.20621 4.6 0.000013 0.1 2875 16.43 
0.13233 19.4 0.20650 8.3 0.000015 0.2 2877 7.77 
0.13028 4.4 0.20647 5.0 0.000012 0.9 2877 16.64 
0.13099 6.5 0.20661 2.6 0.000018 0.2 2877 21.20 
0.13157 3.7 0.20658 3.5 0.000013 0.2 2878 21.40 
0.13520 25.3 0.20722 41.7 0.000017 0.5 2883 1.37 
0.13512 10.3 0.20676 3.3 0.000028 0.3 2878 10.87 
0.14181 13.0 0.20718 5.0 0.000059 1.0 2878 3.40 
0.13872 8.9 0.20681 6.8 0.000010 0.3 2879 14.17 
8 0.14567 41.0 0.20062 25.0 0.000139 0.7 2818 0.29 
0.14285 60.0 0.20390 23.0 0.000109 0.6 2848 0.40 
0.13839 16.0 0.20464 27.0 0.000020 0.2 2861 1.81 
0.13670 22.0 0.20460 28.0 0.000033 0.2 2860 1.07 
0.13626 15.0 0.20545 23.0 0.000021 0.1 2868 2.12 
0.13461 34.7 0.20581 31.4 0.000019 0.5 2871 1.68 
0.13515 23.0 0.20603 8.9 0.000016 0.3 2873 7.03 
0.13550 7.3 0.20585 11.7 0.000018 0.2 2870 4.86 
0.13692 6.8 0.20614 4.5 0.000032 0.3 2872 7.03 
0.13363 3.7 0.20612 4.0 0.000014 0.3 2874 17.54 
0.13552 6.6 0.20617 5.1 0.000014 0.3 2875 14.26 
0.13725 4.2 0.20608 3.5 0.000020 0.3 2873 14.00 
0.13850 9.7 0.20713 9.5 0.000053 0.6 2879 2.00 
0.13699 5.3 0.20627 4.7 0.000012 0.2 2875 18.15 
0.13668 5.4 0.20626 6.3 0.000010 0.2 2875 16.64 
0.13611 3.3 0.20609 3.4 0.000010 0.6 2874 28.55 
0.13639 4.7 0.20609 4.8 0.000006 0.1 2875 34.31 
0.13717 11.9 0.20618 6.8 0.000007 0.2 2875 22.17 
0.13614 3.0 0.20616 2.4 0.000006 0.1 2875 73.78 
0.13876 8.7 0.20639 7.5 0.000007 0.1 2877 19.33 
0.13819 7.7 0.20634 4.8 0.000004 0.2 2876 58.64 
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89-C-21 Index 
zircon 208/206 error 207/206 error 204/206 error Age ("108) 
1 0.11673 11.4 0.20327 8.5 0.000022 0.4 2851 5.35 
0.11840 11.0 0.20471 8.8 0.000007 0.2 2863 16.16 
0.12362 15.7 0.20650 4.2 0.000005 0.2 2878 44.12 
0.11587 34.2 0.20608 33.3 0.000007 0.4 2875 4.48 
4 0.13918 41.9 0.20604 30.7 0.000020 0.4 2872 1.59 
0.14022 15.6 0.20685 16.6 0.000013 0.5 2879 4.54 
7 0.13953 60.2 0.20089 65.5 0.000057 1.9 2828 0.27 
0.13426 2.4 0.20398 3.6 0.000026 0.2 2856 to.88 
0.13409 4.4 0.20515 7.6 0.000014 0.3 2866 9.51 
0.13524 11.6 0.20576 7.3 0.000011 0.4 2872 12.64 
0.13402 9.2 0.20554 6.7 0.000009 0.5 2870 16.04 
0.13477 26.6 0.20713 26.1 0.000008 0.4 2882 4.69 
0.13316 5.5 0.20594 4.3 0.000006 0.1 2873 37.31 
0.13099 8.4 0.20658 8.9 0.000007 0.2 2879 16.49 
9 0.16241 267.5 0.21987 462.9 0.000470 6.2 2939 0.00 
0.13495 22.6 0.20454 20.2 0.000076 1.0 2856 0.65 
0.13388 19.2 0.20584 11.4 0.000028 0.4 2871 3.14 
0.13207 25.1 0.20646 18.6 0.000017 0.3 2876 3.25 
0.13203 13.0 0.20628 7.0 0.000009 0.3 2875 15.89 
0.13052 5.4 0.20624 5.6 0.000008 0.2 2875 21.09 
0.12924 4.1 0.20637 5.3 0.000009 0.2 2876 21.11 
0.13332 13.5 0.20635 6.3 0.000009 0.2 2876 17.64 
0.13428 85.4 0.20872 136.6 0.000009 0.6 2892 0.85 
0.13582 5.0 0.20134 2.4 0.000087 0.7 2828 4.80 
10 0.13168 3.2 0.20419 2.1 0.000038 0.2 2856 12.43 
0.14843 43.8 0.20917 14.1 0.000241 2.7 2877 0.29 
0.13372 4.9 0.20547 2.5 0.000043 0.3 2866 < 9.21 
0.13255 5.1 0.20548 3.8 0.000018 0.2 2869 14.23 
0.13288 7.5 0.20596 4.3 0.000009 0.1 2873 25.32 
0.13302 13.3 0.20633 6.2 0.000007 0.1 2876 24.24 
0.13352 11.5 0.20643 5.9 0.000004 0.1 2877 38.23 
0.13042 6.1 0.20628 6.5 0.000005 0.1 2876 28.80 
0.13185 6.1 0.20649 7.2 0.000006 0.1 2878 22.79 
0.13211 6.0 0.20620 2.9 0.000004 0.1 2876 90.14 
0.13176 6.0 0.20597 4.9 0.000005 0.4 2874 44.65 
0.12945 3.7 0.20607 2.4 0.000003 0.0 2875 119.92 
0.13254 3.4 0.20611 3.2 0.000004 0.0 2875 80.32 
0.13296 8.9 0.20681 35.5 0.000004 0.1 2880 6.97 
11 0.13078 14.3 0.20612 3.8 0.000003 0.1 2875 80.40 
0.13022 3.8 0.20625 3.2 0.000004 0.7 2875 72.39 
0.12963 3.7 0.20622 28.0 0.000003 0.0 2876 12.21 
0.13095 6.5 0.20620 3.3 0.000003 0.1 2876 108.03 
0.13114 4.7 0.20604 2.7 0.000003 0.1 2875 132.46 
0.13340 9.5 0.20655 6.5 0.000003 0.1 2879 51.08 
0.13700 9.9 0.20650 6.0 0.000032 0.4 2875 5.16 
0.13569 5.4 0.20638 . 4.2 0.000030 0.2 2875 8.03 
0.13504 2.8 0.20635 2.4 0.000027 0.3 2875 15.34 
0.13485 1.9 0.20636 1.9 0.000026 0.1 2875 20.35 
0.13470 1.5 0.20635 2.0 0.000026 0.1 2875 19.01 
0.13464 0.6 0.20627 1.9 0.000027 0.2 2874 19.57 
0.13461 1.5 0.20628 2.0 0.000027 0.1 2874 18.33 
0.13456 1.3 0.20625 1.3 0.000027 0.1 2874 28.56 
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Sesombi Tonalite 
Sesombi Tonalite 
Zircon 208/208 error 207/206 error 204/206 error Age Index 
in 8/6 in 7/6 in 4/6 (*108) 
1 0.10420 5.2 0.17501 11.2 0.000103 1.1 2594 0.86 
0.10188 7.6 0.17711 75.0 0.000050 0.5 2620 0.27 
0.10322 . 5.3 0.17964 4.5 0.000030 0.2 2646 7.40 
0.10353 3.8 0.18059 4.6 0.000021 0.2 2656 10.34 
0.10596 8.3 0.18120 4.9 0.000016 0.4 2662 12.44 
0.11706 5.8 0.18171 4.1 0.000012 0.3 2667 19.66 
0.12233 4.7 0.18133 2.8 0.000014 0.2 2663 25.04 
0.12615 5.9 0.18162 6.0 0.000012 0.2 2666 14.27 
0.12086 10.4 0.18190 10.0 0.000013 0.1 2669 7.48 
0.11530 6.7 0.18197 4.3 0.000016 0.2 2669 14.67 
0.11517 15.2 0.18222 18.4 0.000013 0.2 2671 4.08 
0.11293 12.0 0.18168 15.1 0.000016 0.4 2666 4.13 
2 0.09263 3.5 0.18348 6.6 0.000149 0.9 2668 1.02 
3 0.09120 8.7 0.17445 16.6 0.000076 0.8 2592 0.79 
0.08673 4.7 0.18123 3.0 0.000032 0.4 2661 10.35 
0.09506 12.1 0.18228 6.3 0.000024 0.5 2671 6.65 
0.10845 5.5 0.18280 8.2 0.000024 0.5 2676 5.16 
0.10535 11.5 0.18254 9.7 0.000021 0.4 2673 5.02 
0.10512 5.3 0.18244 6.9 0.000018 0.4 2673 7.94 
0.10845 3.0 0.18253 4.6 0.000014 0.4 2674 15.03 
0.11073 11.4 0.18306 18.8 0.000015 0.4 2679 3.61 
0.11312 13.7 0.18275 6.0 0.000011 0.2 2677 15.11 
0.10528 25.0 0.18413 29.1 0.000028 4.3 2687 1.23 
4 0.07266 30.5 0.18218 37.5 0.000010 1.0 2672 2.67 
0.08153 162.6 0.18076 119.4 0.000024 1.7 2657 0.35 
0.09052 46.9 0.18359 42.1 0.000017 1.0 2683 1.42 
5 0.10554 9.5 0.18248 15.1 0.000078 1.1 2667 0.85 
0.09983 9.2 0.18219 8.2 0.000032 0.3 2670 3.85 
0.09819 7.5 0.18261 4.4 0.000036 13.7 2672 6.34 
0.09935 5.2 0.18258 5.7 0.000026 0.5 2673 6.75 
0.10305 5.8 0.18272 4.3 0.000026 0.5 2675 9.10 
0.10600 10.2 0.18276 6.3 0.000017 0.3 2676 9.28 
0.11204 14.2 0.18311 21.4 0.000034 1.1 2677 1.36 
0.12175 5.6 0.18263 6.0 0.000057 0.4 2671 2.95 
0.12804 7.8 0.18299 14.4 0.000026 0.6 2677 2.65 
10 0.10296 85.4 0.18563 59.0 0.000271 2.9 2674 0.06 
0.09446 42.2 0.17998 97.8 0.000330 12.7 2615 0.03 
0.09367 62.5 0.18269 54.7 0.000040 11.2 2673 0.45 
0.10014 6.1 0.18252 9.2 0.000023 0.5 2673 4.79 
0.09631 4.9 0.18272 7.9 0.000024 2.7 2675 5.30 
0.09501 18.3 0.18298 20.4 0.000021 0.5 2678 2.32 
0.09782 1.3 0.18262 11.9 0.000030 0.6 2673 2.83 
0.10594 11.1 0.18316 7.6 0.000032 0.3 2678 4.17 
0.11946 120.0 0.18565 152.7 0.000161 5.6 2686 0.04 
0.10711 19.8 0.18257 10.0 0.000027 0.5 2673 3.69 
0.12022 17.8 0.18300 19.2 .0.000046 1.0 2675 1.14 
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Mashaba Tonalite 
89Zb-12 
208/206 error 207/206 error 204/206 error Age Index 
in 8/6 in 7/6 in 416 (*108) 
0.13345 15.7 0.18853 14.5 0.000300 1.0 2697 0.23 
0.12877 28.6 0.20304 43.6 0.000146 1.5 2836 0.16 
0.14361 24.0 0.20712 26.8 0.000153 2.4 2869 0.24 
0.14263 7.7 0.20730 48.5 0.000121 1.0 2873 0.17 
0.13627 30.1 0.20793 56.3 0.000123 2.3 2878 0.14 
0.14219 9.9 0.20885 31.1 0.000107 11.1 2886 0.30 
0.13253 14.8 0.21323 17.2 0.000096 1.3 2922 0.60 
0.13083 5.3 0.21343 12.4 0.000085 0.8 2924 0.95 
0.14130 14.4 0.21459 15.5 0.000096 1.3 2932 0.67 
0.13728 8.5 0.21515 7.4 0.000092 0.1 2936 1.48 
0.14333 18.5 0.21913 19.2 0.000066 0.9 2968 0.79 
0.14563 11.8 0.22121 6.8 0.000067 0.6 2984 2.20 
0.14639 29.5 0.22196 46.0 0.000081 1.1 2988 0.27 
0.14902 21.7 0.22624 20.0 0.000060 1.5 3021 0.83 
0.14661 10.6 0.23060 10.7 0.000055 2.5 3052 1.70 
0.12693 6.2 0.24012 7.7 0.000127 1.0 3111 1.02 
0.16588 24.0 0.26080 14.6 0.000072 2.1 3247 0.95 
Chingezi Tonalite - Hokonui Formation 
Zircon 208/206 error 207/206 error 204/206 error Age Index 
in 8/6 in 7/6 in 416 , (*108) 
1 0.08092 26.0 0.19253 14.7 0.000106 1.5 2765 0.64 
0.08080 13.0 0.19259 8.8 0.000083 0.8 2793 1.37 
0.08542 92.3 0.19180 7.3 0.000055 0.5 2752 2.47 
0.08791 22.9 0.19008 1.5 0.000145 62.1 2728 4.76 
0.08910 30.6 0.18891 28.6 0.000066 1.6 2726 0.53 
2 0.12914 7.4 0.17898 7.4 0.000508 2.6 2584 0.27 
0.11833 5.1 0.18322 5.9 0.000271 0.6 2652 0.63 
0.11356 4.3 0.18600 4.5 0.000197 0.6 2686 1.13 
0.11051 4.7 0.18647 6.9 0.000166 0.9 2693 0.87 
0.11000 9.2 0.18693 6.6 0.000158 0.2 2699 0.96 
0.10739 10.3 0.18860 5.2 0.000140 1.1 2715 1.37 
0.10543 4.4 0.19053 3.6 0.000112 0.6 2735 2.49 
0.10187 8.8 0.19139 7.5 0.000100 1.2 2743 1.33 
0.10187 8.5 0.19197 7.1 0.000107 7.0 2747 1.31 
0.10087 6.2 0.19054 9.0 0.000095 0.9 2737 1.17 
0.09873 1.8 0.18960 11.1 0.000056 0.8 2733 1.60 
0.09796 9.7 0.18974 15.2 0.000053 0.6 2734 1.25 
0.09673 7.7 0.19202 12.1 0.000042 0.8 2755 1.97 
0.09143 12.5 0.19429 11.2 0.000036 0.8 2775 2.49 
0.09142 12.5 0.19836 30.1 0.000034 0.6 2809 0.97 
0.09268 67.3 0.20201 85.8 0.000064 18.8 2836 0.18 
3 0.1 i026 14.0 0.17571 14.1 0.000114 1.3 2600 0.62 
0.12114 12.7 0.18043 12.5 0.000049 0.5 2651 1.64 
0.12537 20.0 0.18138 27.3 0.000034 0.8 2662 1.09 
0.13014 20.6 0.18209 17.6 0.000042 1.0 2667 1.36 
0.13453 13.2 0.18155 27.8 0.000029 0.6 2663 1.23 
0.13666 9.9 0.18223 13.7 0.000032 0.5 2670 2.28 
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Chinese Granulite 
Chinese Granulite 
Zircon 208/206 error 207/206 error 204/206 error Age Index 
in 8/6 in 7/6 in 4/6 (*108) 
1 0.15327 39.7 0.16488 25.8 0.000026 0.1 2503 1.49 
2 0.22732 25.9 0.16818 17.2 0.000002 0.1 2538 24.33 
0.16699 9.0 0.16760 13.4 0.000001 0.0 2533 64.81 
0.22676 13.9 0.16733 7.9 0.000009 0.1 2530 13.97 
3 0.17065 8.0 0.16767 7.7 0.000016 0.2 2532 8.17 
0.20023 9.3 0.16747 5.0 0.000013 0.3 2531 15.59 
4 0.19169 11.6 0.16699 16.8 0.000012 0.3 2526 5.10 
5 0.20590 16.7 0.16766 9.7 0.000021 0.2 2531 4.96 
6 0.21186 20.2 0.16627 42.9 0.000018 0.5 2518 1.32 
7 0.15135 20.9 0.16738 4.2 0.000004 1.0 2531 61.28 
0.17804 .6.3 0.16729 7.4 0.000006 1.5 2530 22.80 
0.18099 33.8 0.16802 42.9 0.000010 4.3 2536 2.30 
0.18616 8.5 0.16738 7.9 0.000005 0.2 2531 24.86 
0.18914 16.2 0.16730 1.2 0.000005 0.2 2530 177.54 
0.19173 10.5 0.16775 16.5 0.000008 3.6 2534 8.06 
0.19468 20.9 0.16677 15.8 0.000010 5.0 2524 6.32 
0.19642 20.8 0.16712 17.0 0.000003 0.2 2528 20.75 
0.20139 23.9 0.16747 13.9 0.000004 0.2 2532 16.00 
0.20533 25.0 0.16776 27.7 0.000003 0.2 2535 12.21 
0.20901 14.0 0.16735 10.7 0.000003 0.1 2531 32.37 
Fractionation Experiment 
Fractionation Experiment 
Temperature 208/206 error 207/206 error 204/206 error Age 
in 8/6 in 7/6 in 4/6 
12S0'C 0.13700 9.9 0.20650 6.0 0.000032 0.4 2875.2 
1260'C 0.13569 5.4 0.20638 4.2 0.000030 0.2 2874.6 
126S'C 0.13504 . 2.8 0.20635 2.4 0.000027 0.3 2874.6 
1270'C 0.13485 1.9 0.20636 1.9 0.000026 0.1 2874.7 
127S'C 0.13470 1.5 0.20635 2.0 0.000026 0.1 2874.6 
1280'C 0.13464 0.6 0.20627 1.9 0.000027 0.2 2874.0 
128S'C 0.13461 1.5 0.20628 2.0 0.000027 0.1 2874.0 
1290'C 0.13456 1.3 0.20625 1.3 0.000027 0.1 2873.8 
129S'C 0.13453 1.9 0.20617 1.9 0.000027 0.1 2873.2 
1300'C 0.13457 1.0 0.20608 1.6 0.000026 0.2 2872.5 
130S'C 0.13450 0.9 0.20605 1.3 0.000025 0.1 2872.4 
1310'C 0.13441 1.8 0.20603 1.0 0.000024 0.1 2872.3 
131S'C 0.13432 1.5 0.20597 1.0 0.000022 0.1 2872.0 
1320'C 0.13419 0.6 0.20591 1.0 0.000020 0.1 2871.7 
• 
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Sm-Nd procedure 
Sm-Nd analyses were performed at Clermont-Ferrand by Be a trice Luais. 
For each analysis, approximately 100-160 mg of rock powder was weighed into 
a screw-top Savillex teflon bomb, with a 150Nd-149Sm double spike, in order to 
obtain Nd isotope compositions and concentrations, and Srn concentrations by 
isotope dilution analysis from the same dissolution of sample. The acids used 
for digestion were: 3ml of HC! (12M), 2 ml HN03 (14M),3 ml concentrated HF. 
The Savillex bomb was covered with the screw top and left for approximately 
one month (cool), followed by a few days on a hot plate at 80-100'C to insure 
complete dissolution, before being evaporated to dryness. The residue was 
dissolved in 3ml aqua regia (2/3 HCl +1/3 HN03), then evaporated to dryness. 
The residue was then dissolved in 10ml 6M HCI, left on the hot plate for 1-2 
days, until no visible residue was present. It was then evaporated to dryness. 
This residue is dissolved in 2.SM HC1, centrifuged, and loaded onto 
cationic exchange columns, from which the REE fraction was collected. The 
REE fraction was evaporated to dryness, then dissolved in 0.2SM HCl and 
loaded onto columns of teflon powder coated with HDEHP. Nd was eluted 
with 0.2SM HCl and then Srn with 0.6M HC!. These two fractions were then 
evaporated to dryness. 
Outgassed triple Re-Ta filaments with central Re and Ta sides were used 
for Nd analysis on a Micromass VGS4E mass spectrometer. The Nd fraction 
was dissolved in 31ll H20 and loaded on one of the Ta side filament. 
Outgassed single Ta filaments are used for Srn analysis. The Srn fraction 
was dissolved with few III of H20 'and loaded with H3P04 on a Ta filament. 
The value of the 146Nd/ 144Nd ratio is used for the mass fractionation 
correction of the Nd isotopic composition by normalizing to 
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146Nd/144Nd=0.7219 Nd isotope composition was then subsequently corrected 
to 145Nd/144Nd = 0.348417 
Nd isotope composition values obtained for La Jolla standard during this 
period of time were: . 
143Nd/144Nd = 0.511855 ± 7 
143Nd/144Nd = 0.511851 ± 7 
143Nd/144Nd = 0.511838 ± 7 
143Nd/144Nd = 0.511863 ± 6 
143Nd/144Nd = 0.511855 ± 6 
143Nd/144Nd = 0.511861 ± 7 
Giving an average value of 0.511854 ± 9 (1 std. dev. error), compared with the 
recommended value of 0.511850. During the same run, 150Nd/144Nd ratios 
were analysed for Nd contents. For separate Srn runs, the 149Sm /147Sm ratios 
were analysed for Srn contents. The reproducibility on the 147Sm /144Nd ratio 
is estimated to be 0.2%. 
Sm.-Nd data table 
Smppm Ndppm 147Sm/144N d 143/144N d ± 145/144N d 143N d/144N d 
measured measured corrected 
Shamva sediments 
89-S-3 I 2.55 13.10 0.117670 0 . .511164 7 0.348401 0.511141 89-5-6 2.01 12.33 0.098478 0.510866 7 0.348411 0.510857 
5hamva c1asts 
89-5-14 2.26 13.26 0.103042 0.510897 9 0.348393 0.510862 
89-5-23 2.45 15.42 0.095907 0.510616 7 0.348391 0.510578 
89-5-12 4.89 26.72 0.110540 0.510943 8 0.348392 0 .. 510906 
89-5-19 2.71 14.96 0.109737 0.510896 6 0.348406 0.510880 
89-5-25 3.88 23.48 0.099983 0.510669 8 0.348387 0.510625 
89-5-26 5.58 26.33 0.128074 0.511185 • 8 0.348392 0.511148 
244 Goodbye l.S. Dougherty-Page 
